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Abstract

Mohammed, Mohammed K. Ph.D., Engineering Ph.D. Program, Wright State University,
2020. Processing and Properties of Multifunctional Two Dimensional Nanocomposites
Based on Graphene Nano-Flakes.

The unique properties of graphene have directed researchers to study and characterize this
new material. Graphene production and graphene based materials have been widely
explored and developed in the past decade. Most research has aimed at developing scalable,
environmentally friendly, and cheap procedures to produce defect-free graphene that can
be used in various applications such as mechanical properties enhancement and
multifunctional material. The challenge is processing such material on a scale suitable for
engineering applications such as advanced photonics and advanced electronics. In this
study, we investigate a new processing technique based on Langmuir-Blodgett (LB)
Technique. We managed to produce a mono-graphene film as well as a multilayer graphene
film. Besides, we investigate graphene-graphite transition by measuring the electrical
conductivity of the produced film. Moreover, we managed graphene/ Poly-methyl
methacrylate (PMMA) nanocomposite with thickness up to a few nanometers. We
characterized the mechanical, optical, and electrical properties of such films and compared
the performance to similar material processed by more expensive film preparation
methods.
iii
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1. CHAPTER 1: INTRODUCTION
1.1 Fullerenes:
Understanding properties and behavior of material building blocks enable experimental
verification of the theory behind the concept and provide enough information to build
new technology based upon nano-building blocks. In general, the three building blocks of
nano-carbon allotropes in their 0D, 1D, and 2D forms represent an excellent opportunity
to explore a new class of matter and achieve advances in technology.
Graphene is the name of a single layer of carbon atoms placed in a two-dimensional (2D) honeycomb lattice structure. Graphene can also be described as a one-atom-thick layer
of the 3D graphite structure, it is considered to be the basic nano-building block for other
graphitic materials (see figure 1.1) [1]. It can be wrapped into 0-D to form a fullerenelike structure commonly known as Buckyballs, rolling up the graphene layer into 1-D
results in a single wall nanotube (CNT), while the 3-D Graphite is a layered material
formed by stacks of graphene sheets separated by 0.335 nm and held together by weak
van der Waals forces figure 1.1 shows schematic structure of graphene, graphite, carbon
nanotube, and fullerene.
A multi-usage of graphene from electronics to optics and medical science, as well as
enhanced mechanical properties of polymeric material, has made this material central to
research in the last few years. This is evident considering that the number of publications
has increased from around 95 in 2,000 to 45,295 in 2018 according to web

1

of science website. For example, it can be used in electronics when either combined with
a polymer as a composite or used in its pure form. Also, graphene has been used as a
nanofiller for a polymer to enhance its mechanical and electrical properties [2-5].

1.2 Graphene Structure and Properties:
Figure 1.2 shows a typical graphene unit cell (UC). A graphene unit cell contains two
carbon atoms making the atomic weight per unit cell equal to 24 g/mole. The unit cell has
an area of 5.24 Å2. A pristine graphene sheet consists of a monolayer of carbon atoms
bound in a hexagonal lattice structure. Each carbon atom is covalently bonded to three
other carbon atoms thus allowing the fourth electron to be freely moving. Sp2 bonds
carbon atoms in graphene with a bonding length of 0.142 nm.
Graphene, unlike Buckyballs or nanotubes, has a flat shape (no inside). Whereas in the
other nanocarbon allotropes such as C60 and nanotubes, only the surface carbon atom can
interact with the surrounding molecules. While, in the graphene, the surrounding
molecules have access to the carbon atom from both sides due to its flake-like structure;
this gives an advantage for graphene by providing more interaction area between
surrounding molecules and the graphene sheet.
While the unique properties of a two-dimensional form of graphitic carbon were
predicted over 60 years ago [6, 7], the actual production of graphene samples [8]
provided an unprecedented opportunity to investigate such unique 2D material
experimentally. Graphene as an individual nano-sheet has outstanding theoretical and
experimental modules of elasticity with extremely high values (= 1.0 TPa) [9],
exceptional intrinsic strength (∼130 Gpa) [10], thermal conductivity (∼5000 W m-1 K1

)[11], the mobility of charge carriers (∼250 000 cm2 V-1 s-1)[12, 13], and specific surface
2

area (calculated value, ∼2630 m2 g-1)[14, 15]. Also, a zero-band gap of graphene makes
this new material a robust candidate for metals [16]. These novel intrinsic properties
make graphene the best reinforcing candidate material that is known so far.

3

(a)

(b )

(c)

(d )

Figure 1-1: Schematic Structure of; (A) Graphene,(B) Fullerene ,(C) Carbon Nanotube And (D)Graphite
Adapted [1].
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Figure 1-2: A Typical Graphene Unit Cell (UC).
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1.3 Production of Graphene Nano-flakes (GNFs):
The effort to get a monolayer of graphene goes back to 1960 when Fernandez-Moran, a
microscopic scientist, extracted a millimeter-sized multi-layered graphene sheet from
graphite crystals by a micromechanical exfoliation that became a standard method to
prepare an electron microscopy sample. The extracted graphene was as thin as 5 nm,
which is equivalent to ~15 graphene layers. At this point, scientists had argued that
materials like mono layer graphene would be thermodynamically unable to exist due to
the high energy of dangling bonds at the edges of the GNFs; this reason led to
unawareness about isolating single-atom-thick sheets of graphene [17]. In 1990,
fullerenes and nanotubes had been discovered; this discovery renewed awareness about
all kinds of carbon materials. Since that time, a great effort has been made to produce a
single layer of graphene. In 1999, Xuekun Lu et al. discussed the possibility of producing
a single layer of graphene sheet using nanofabrication techniques [18]. In 2004,
Novoselvos et al. peeled a graphite crystal using an adhesive tape to produce an
extremely thin graphite layer (<300 nm) and then be able to produce and characterize a
single layer of GNFs by repeatedly cleaving a graphite crystal by using an adhesive tape
[19]. In this method, a sample of graphite crystal was placed on adhesive tape, and then,
the tape was folded and repeatedly peeled several times, produced a thinner layer of
graphite. By repeating this process many times, a single layer of graphene nano-flakes
(GNFs) were produced, and the Nobel Prize was awarded for their succeful production,
which was the onset of an exponentially growing interest in production and
characteriztion efforts.

6

Since 2000, versatile methods have been devised to produce GNFs. The primary one is
the “scotch-tape method” [19] used for isolation a defect-free graphene for research
purposes, followed by other synthesis processes like exfoliation methods [20], chemical
vapor deposition (CVD) [13, 21, 22], chemical synthesis [23, 24], arc discharge [25, 26],
unzipping of CNT [27], epitaxial growth [27, 28], and electrically-assisted synthesis [2931]. These processes can be classified into two main approaches: “Top-down” and
“bottom-up” approach.
1.3.1 Top-Down Approaches:
In Top-down approaches, the process starts with graphite or a comparable starting
material and breaks down this material into graphene nano-flakes (GNFs) through
techniques such as mechanical exfoliation and liquid phase graphene exfoliation [24].
The superiority of this approach on the bottom up approach includes the ability to
produce defect-free graphene nano-flakes (GNFs) at a low cost because it starts with
graphite as a raw material. As early as 2004, Novoselvos et al. have succeeded in
producing a single layer of stable graphene by using mechanical exfoliation. However, in
this approach, a complete exfoliation into single layer graphene sheets is still challenging.
Therefore, it is limited to a lab scale due to cost-efficience and limited quality and
quantity control [32, 33]. Despite this, graphite ball milling has been used widely for
mass production of graphene sheets (single, 3-10 graphene layers). The exfoliation
efficiency using this method was relatively low, and subsequent steps are required [23,
33, 34].
On the other hand, graphene exfoliation by using liquid phase stripping method is a
scalable and sustainable way to produce GNFs. Using this approach, researchers have
7

been successful in fabricating both single and multi-layers of free-standing graphene
nano-flakes (GNFs) on both micro and nano scales [33, 35, 36]. Among all of the
aforementioned techniques, the chemical exfoliation approach has been considered the
most promising method for bulk production of GNFs [37]. This approach can be broadly
categorized as either oxidative and non-oxidative. The oxidative approach involves
graphite oxide as a precursor. The graphite oxide has a larger interlayer spacing than that
in the original graphite, and the graphene layers become higly functionlized with oxides.
This will allow for them to be completely exfoliated into a graphene oxide layer (GO).
The non-oxidative approach involves graphite as an initial stage precursor. The interlayer
bonding between graphene layers is directly destroyed via mechanical, chemical, or a
combination of both forces.
Coleman et al. [38] used an N-methyl-pyrrolidone to disperse and exfoliate graphite
oxide; they obtained an individual GNF with up to 12% by mass. Tung et al. reported a
method based on the dispersion of graphite oxide in the liquid phase exfoliation process
to prepare graphene [39]. Lotya et al. [40] used Sodium Dodecyl Benzene Sulphonate to
disperse and exfoliate graphite. The produced GNFs were less than 5 layers in thickness.
Figure 1.3 shows a Schematic illustration of solvothermal-assisted exfoliation as an
example for graphene exfoliation methods.
A prerequisite for exploiting the most proposed application for a thin film such as
sensors, detectors, and optical applications, are generally directed toward structured,
analyzed, and characterized outer micron of material [41]. The progress in the liquid
phase exfoliation area involves graphite oxidation followed by exfoliation in water to
produce highly aqueous dispersions of graphene oxide (GO). The main advantage of
8

using GO in the dispersion process is to get a stable graphene sheet in aqueous
environments with large-scale and high-throughput processing methods. The produced
graphene consists of graphene flakes with the decorated surface by hydroxyl and epoxide
groups that covalently bond to the graphene flakes. These decoration groups provide
stability for graphene flakes to be dispersed in aqueous environments due to the polar
nature and the Coulomb repulsion force associated with extensive proton dissociation of
these groups [42]. Such types of decorated graphene are beneficial in polymer
nanocomposites, in which the presence of functional groups onto the graphene surface
increases interaction between the polymer and the graphene flake and reduces the
agglomeration phenomenon as well [43]. However, the GNFs produced by this method
face some significant disadvantages such as degrading in conductivity, transparency, and
strength for the produced GNFs. Despite the fact that the oxide group can be removed by
chemical or thermal reduction, these will add additional steps to the fabrication process,
and cannot remove all elemental and structural defects that are introduced by oxidation.
So far, very few studies have been conducted with pristine graphene due to challenges in
dispersed graphene nano-flakes (GNFs) in a liquid phase and stability of the aqueous
solution [44, 45].
To handle the dispersing issue of GNFs in a liquid phase, many desperation methods
have been developed that rely on the exfoliation and stabilization of dispersed GNFs
using special solvent or surfactant [38, 40, 42, 46, 47]. However, the solution must have
very low concentration to achieve monolayer of dispersed GNFs [27, 42].
Recently, the electrochemical exfoliation method of graphite has proven to be a
promising approach to overcome one of the most pressing challenges that deter the bulk
9

production of graphene to be widespread implementation [48-52]. However, this
approach requires a large amount of electrical energy which can cause structural damage
for graphene flakes [53].
Shi et al. [50], have discussed this new approach to produce defect-free graphene sheets
based on the direct electrochemical reaction between metallic carbonate electrolyte and
graphite powders. They are able to synthesize high-quality graphene (NEEG) sheets with
few defects and excellent electronic conductivity by using graphite powders and metallic
Li in 1 M LiPF6/propylene carbonate electrolyte. Table 1-1 depicts the most recent
research contribution towered synthesize graphene by a top-down approach.
Table 1-1:Research Contribution and Its Important Properties using top-down approach.

Method

Micromechanical exfoliation

Liquid phase exfoliation
Electrochemical
exfoliation/functionalization of
graphene
Shear mixing
super acid dissolution of
graphite

Typical

Advantage

dimension
Few layers
Single-multi
layers
Singlemulti layers
multilayers
single-layer

Large size and
Defect-free sheet

Electrical
conductivity(S/m)

Reference

-

[19]

1 *106

[54]

4*104 -7*104

[51, 52]

400

[33, 55]

95000

[56]

Unmodified
graphene- cost
efficiency
High electrical
conductivity / single
step functionalization
Large quantities
/defect free
High-concentration
solutions
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Figure 1-3: Schematic Illustration of Solvothermal-Assisted Exfoliation And Dispersion of Graphene Sheets
In CAN Adapted From [49].
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1.3.2 The Bottom-Up Approach:
In the Bottom-Up approaches, carbon atoms, carbon-based molecules, and even
nanoparticles can be used as the building blocks for creating GNFs [57]. The produced
quality, quantity, and morphology of the GNFs are determined by the nature of the
chemical precursors, catalyst, and processing method [58]. This approach employs many
techniques to design and fabricate graphene such as chemical vapor deposition (CVD)
[13, 21, 22], epitaxial growth on electrically insulating surfaces [28, 59, 60], molecular
beam epitaxy, arc discharge, and CNT unzipping [61].
All aforementioned processes have been used in attempts to synthesize a large scale of
graphene sheet and/or its derivative. However, of all these processes, the chemical vapor
deposition (CVD) is considered a promising process for producing bulk quantities of
relatively flawless graphene sheets at the necessary scale [62]. The importance of CVD
is coming from growing graphene over the metal at the scale necessary as well as the
stability of the produced graphene sheet. Also, this technique is already established in the
industry, and it is easy to set up for research purposes among the other techniques.
However, the major challenge with this approach is controlling edge structure, cost
efficiency, and topology of the produced film. Besides that, the limitation of using a
substrate that can withstand at high temperature, and additional steps required to
transform the produced graphene layer from the growing substrate to the target substrate.
Table 1.2 shows development in the Bottom Up graphene synthesized approach and
properties of the produced film.
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Table 1-2: Development in The Bottom Up Graphene Synthesized and Properties of The
Produced Film.

Method
Confined selfassembly
CVD
Epitaxial growth on
SiC
Unzipping of carbon
nanotube

Typical

Advantage

dimension

Electrical
conductivity(S/m)

Reference

Single layer

Thickness control

-

[63]

Multi layers

High quality /Large size

1*10 6

[64]

Multi-layers
Multilayers

Large size up to cm/
pure GS

5x106-6.4x106

[28, 60,

Few microns size /
controllable size

65]
[61]

1.4 Production of Graphene Film:
Graphene is considered an ideal material for transparent conductive films due to its
extraordinary optoelectrical properties compared to the traditional electrode such as
indium tin oxide (ITO) and fluorine tin oxide(FTO) [66]. Nevertheless, fabricating a
defect-free graphene film is still a challenge. Thus, several techniques have been
suggested and improved upon to address this challenge such as roll-to-roll CVD, batchto-batch CVD, graphene oxide reduction strategies, and aqueous solution methods.
Depending on the approach to the preparation of GNFs, the resulting transparent
conductive film can be subdivided into physical and chemical methods.
1.4.1 Physical Method:
So far, the availability of inexpensive transparent conductive graphene film is still
insufficient. Yet, there is no standard guidance to synthesize GNFs and produce graphene
film in scalable production and a concise process. Thus, the produced transparent
conductive graphene film properties fluctuate according to the synthesis approach and
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film processing methods. In the physical method, graphene film can be produced using a
mechanical force such as compressive aqueous solution, as well as drop casting and spin
coating methods [54]. Unlike the chemical method used to process graphene film, the
main advantage of the physical method is that it employs a less expensive procedure and
is suitable for graphene/polymer nanocomposite. Besides, the CVD fabrication method
provides small domains of graphene sheets which result in a change to the charge carrier
path; this change leads to a reduction in electrical conductivity [67]. Thus, many research
groups have utilized the physical approach as a method to produce graphene film.
Woltornist et al. [68] reported that by using the interfacial trapping technique, they are
able to utilize GNFs and produce graphene film with a conductivity of 40 kS/m. Shen et
al. [69] developed a method to disperse graphene nano-flakes (GNFs) by using selfassembled through the layer-by-layer (LBL) method which achieves uniform film
growth. In the same way, Park et al. [70] started from graphite oxide; they synthesized
graphene thin films via layer-by-layer (LbL) assembly based on electrostatic interactions.
The produced film has a sheet resistance of 1.4 kΩ/sq with a light transmittance of 80%
after thermal treatment. Consequently, an Interest in layer-by-layer self-assembly
increase significantly as a powerful and versatile method for ultrathin film preparation for
transparent and conductive GS/derivative. Although, there are many processing methods
that deal with the assembly of GS being proposed, e.g., filtration of colliding dispersion
GS, Langmuir-Blodgett (L-B), and assembly of chemical converted GS [19, 31, 66, 69,
71-73]. Langmuir-Blodgett (L-B) assembly among these approaches is well known to be
the only technique that can realize deposition of graphene sheets in a layer-by-layer
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manner with a precise controller on the film thickness upon repetitive deposition process,
acquiescent to optimizing the optoelectrical properties of the utilized film [66, 72, 74-79].
1.4.2 Chemical Method
In the chemical method, graphene film is grown to large scale by using a bottom-up
approach such as CVD, epitaxially grown on SiC, and arc-discharge. Among these
methods, CVD showed the best overall performance [68]. In this method, CVD is used to
synthesize graphene film with a light absorption of glass almost as low as the ideal
value. Recently, Li et al. [80] demonstrated that the CVD method with a centimeter-scale
copper substrate was used to produce large-scale graphene film that can be used to
produce a transparent conductive film. Bae et al. [22] have reported producing large,
predominately monolayer graphene film by using the batch-to-batch production method.
Similarly, Ni foil has been used to synthesize large areas of graphene film with an
increase of monolayer and bilayer proportion to multi-layer in the produced film.
However, to fabricate transparent conductive film, a transfer procedure for deposited
graphene film is necessary, for which the graphene film transforms from metal substrate
to a target substrate. Various transformations methods have been suggested such as rollto-roll, batch-to-batch, etching, and dry transfer [22, 81-83].
Despite the graphene synthesized by the chemical approach rendering the highest-quality
sheets of all the aforementioned processing methods, the film fabrication process makes
the produced film unpreferable in transparent conductive film fields due to the high
processing temperature not suitable for almost all transparent conductive film substrate
that depends on the polymeric material. In addition, to transform the graphene film
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produced by CVD to suitable substrate, this presents density of defect (e.g., crack,
wrinkles, impurities), as well as computational cost [3, 54, 67].
A transparent conductive film containing graphene and/or its derivatives has attracted
significant interest due to its unique optoelectrical properties. Table 1.3 depicted various
methods that have been used to fabricate transparent conductive film containing
graphene/ derivatives, either physical or chemical methods. To this end, its clear that any
enhancement in electrical conductivity of graphene film combined with either scarcifying
in transparency or adding additional treatment steps during the fabrication process to
produce highly conductive film. In our work, pristine graphene nano-flakes have been
used to avoid presenting any chemical defect that has an effect on the optoelectrical
properties of the produced film.
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Table 1-3: Thin Film Fabrication Methods and The Corresponding Electrical and Optical
Properties.

Thin film production

Sheet Resistance
Ω.sq-1

Transparency

Ref.

Air-spray or dip coating/hydrazine

>188000

98%

[84]

CVD/ Roll to Roll transfer

125

97.4%

[22]

CVD/wet-transfer

600

96.5%

[81]

11300 -31700

87%-96%

[85]

14328

95%

[77]

Solution/ LB

1100

91%

[78]

CVD/dry-transfer

249

91.3%

[83]

Dip-coating/thermal reduction GO

3000

90%

[54]

ultra-large graphene oxide/LB

605

86%

[66]

Solution/ LB

8000

83%

[72]

Spin coating/thermal reduction

<103

80%

[86]

CVD/ rabid cooling + etching

280

80%

[82]

CVD/etching- CVD/ dual-gated

280

80%

[80, 82]

Liquid-air interface /acid reduction

840

78%

[37]

Vacuum filtration

43000 -108

65%

[87]

Air-water interface/ hydrazine +thermal
reduction
Liquid phase exfoliation/ Langmuir
Schaefer (LS)
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1.5 Polymer Nanocomposite:
Nanocomposite continues to occupy places in our life, especially with the technological
revolution in electronics and polymers. Knowing synthesis and preparation of the new
material is the basis for achieving new material with improved properties. Therefore,
understanding the existing material (studying the physical and chemical properties), and
choosing the proper converting process are the most important preliminary steps which
determine the characteristics of the final product. Nowadays, combining different
materials to achieve a higher level of efficiency and economy has become a very broad
and productive approach. Polymers are massively affected by nanocomposite science due
to their incredible variety and their subsequent compendium of properties, as well as their
low cost. Thus, polymer nanocomposite has become the vital area of focus for
nanoscience. Polymer-based nanocomposite can be defined as a combination of the
matrix and the Nano-filler, whereas the polymers represent the matrix and the filler can
be zero-dimensional like fullerenes, one-dimensional such as carbon nanotubes (CNTs),
two-dimensional layers of graphene, or 3-D as in graphite. Polymer based carbonaceous
materials have become the largest classes within the scope of polymer-basednanocomposite especially when graphene has been produced [88]. Though the
superiority of this material comes from the low cost of graphite, producing graphene
industrially is still expensive due to the synthesizing techniques that are used to generate
such nanofiller. Therefore, single nanotubes (CNTs) are presently the dominant material
in the nano-composite field. However, the single nanotubes (CNTs) have impeded due to
the high cost and the uncontrolled dispersion in the matrix. At this point, graphene sheets
and their derivatives are still attractive for many researchers as a reinforcement material
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because of the superiority that they have: strong matrix- filler interfacial adhesion, and
the inherited properties of the graphene such as higher aspect ratio and low density.
Figure 1.4 reveals the Nano filler aspect ratio [89, 90].
1.5.1

Polymer/ Graphene Nanocomposite (PGNs):

The polymer/ graphene nanofiller combination resulting not only significant enhanced
properties, but also a novel function between them. Graphene is considered a promising
candidate for many reinforcing materials used in a polymer-based nanocomposite field.
Most recent studies have shown that a PGNs with 62% improvement of Young’s
modulus and 76% increase in tensile strength at volume fraction of 0.7 vol.% graphite
oxide only [14].
It is worth mentioning here that there are many important factors that can maximize the
improvement in the final nanocomposite properties, such as homogeneity in the Nanofillers dispersion, filler/matrix bonding, and the ratio of the filler/matrix. Thus, in the
chemical approach, a designated solvent affects dispersibility of the graphene flakes as
well as the type of polymer. Fortunately, the graphene can be dispersed in the same
solvent of polymers. For instance, the poly (vinyl alcohol) (PVA) is a water-soluble
polymer that can easily use to be mixed with aqueous GO and getting very stable
dispersed GO at various concentrations. Therefore, understanding the existing material
and choosing the proper fabrication process to consider the essence of synthesis PGNs.
Generally, two methods used to disperse graphene nanofiller into polymer matrix; the
first method is using functionalized graphene such as GO and RGO. In this case,
functionalized graphene that has oxygen groups involve carboxylic, hydroxyl, and epoxy
groups on its edges, and basal plan can easily be dispersed and chemically bonded with
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polymer chains. Concurrently, the other method is to use surfactant during processing
PGNs. In this method, surfactants added to the pristine graphite filler can significantly
reduce the surface energy and weaken the interlayer interaction of graphite [91]. After
dispersion, this surfactant could be adsorbed onto the graphene basal plane and work as
sizing for graphene nano-filler [92].
1.5.2

Polymer/ Graphene Nanocomposite (PGNs) processing:

Researches generally tend to use three methods of processing PGNs to achieve better
disperse graphene sheets into a polymer matrix; Solution mixing, Melt mixing, and Insitu polymerization. In spite of the solution mixing method was considered a very
efficient way and easy to proceed relatively, it is tough to get good compatibility of the
filler with the polymer in the solvent [93, 94]. Briefly, this method includes three steps.
First, using ultra-sonication to disperse a Nano-fillers into a suitable solvent. Next,
mixing the Nano-fillers solution with the polymer matrix. Finally, remove the solvent by
using evaporation or distillation. This method has used efficiently to prepare; poly(vinyl
alcohol) PVA [95], polyethylene(PE) [96], and graphene-polystyrene(PS) composite
[97]. The second approach is the Melt mixing in which a compounding involves higher
shear mixing of the polymer matrix with Nanofillers with elevated temperature. This
method applied to a thermoplastic polymer and considered more economical due to the
absence of the solvent and doesn’t need any additional techniques to remove any other
material in the system [96]. Moreover, using melt mixing large quantities can be
processed . However, the drawback of this method that it is not suitable for a large
amount of Nanofillers because of increases in the composite viscosity [98]. Also, the
strong tendency to reaggregation of nanofiller in the polymer matrix makes this method
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not as good as the other two methods in terms of desperation [99, 100]. This approach has
successfully used to fabricate graphene-PE nanocomposite and graphene-poly (lactic
acid) (PLA) [96]. In Situ polymerization is a process that allows monomers polymerize in
existing of graphene nano-flakes (GNFs). This method is summarized by disparate
nanoparticle (filler) in a liquid monomer. After that, a suitable initiator is added to the
homogenous mixture (physically mixed or sonicated), then the result exposed to the
source of heat, light, or use a chemical product to activate the initiator. Researchers show
that using this technique can achieve a high level of dispersion and strong interface
inaction as well [100]. In Situ polymerization has been used to fabricate tetraethylene
glycol diacrylate, (TEGDA)-graphene nanocomposite [101] ,poly(methyl methacrylate)
(PMMA)-graphene nanocomposite [102, 103],and polyamide-6/graphene-graphene oxide
composites [104]. Nevertheless, using this method leads to stack graphene mostly
randomly in the polymer matrix. For these reasons, in current work, we have utilized
PMMA nanocomposites film at a conventional volume fraction loading of GNFs by using
two different approaches. Firstly, we have prepared PMMA nanocomposite by using the
Solution mixing method. Secondly, In Situ polymerization with LB assembly has been
used to enhance the directionality of nanofiller.
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Figure 1-4: Surface Area/Volume Relations For Varying Reinforcement Geometries Adapted [82].
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1.6 Challenge and Motivation:
Graphene became “rising star” material after the successful production by Andre Geim
and his co-workers in 2004. The extremely high properties of graphene at various
temperatures and computational cost make it a strong candidate material in many fields.
These properties are much dependent on the number of the graphene layer, size and
functionalization. Nevertheless, novel and simple methods to produce highly conductive
graphene films are still needed. To this end, the field of graphene production can clearly
benefit from a physical approach that is capable of producing monolayer graphene films.
Such an approach will enable the utilization of graphene nano-flakes (GNFs), so we can
use it currently in large scale advanced devices. Besides, the processing of transparent
electrically conductive films can also benefit from the processing method that could
produce high electrical conductivity film without sacrificing the transparency of such
film.

1.7 Objective
The objective of this study is to investigate the Langmuir-Blodgett technique as a method
to produce monolayer and multi-layer graphene films and examine their mechanical,
optical and electrical properties. Moreover, one of the major questions we seek to answer
is how many layer graphene lose its superior properties and start behaving as graphite.
Such a question remains unanswered so far.
Moreover, this study investigates the Langmuir-Blodgett technique as a method to
produce polymer /graphene nanocomposite with high transparency and good
conductivity. In this aspect, two methods will be used to processing Polymer graphene
nanocomposite; the traditional processing method which is a direct mixed method in
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which graphene Nano-platelets directly mix with a polymer, and In-Situ polymerization
process in which the graphene Nano-platelets will mix with monomers and then
polymerized using an appropriate photoinitiator. Finally, characterized film/ composite
mechanical, electrical and optical properties will be examined.
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2. CHAPTER 2: EXPERIMENTAL DETAILS
2.1

Materials:

A powder of Sigma-Aldrich grade c-750 pristine graphene nano-flakes (GNFs) that has
an area per mass of 750 m2/g has been used to synthesize a large scale of the graphene
film. The surface area per mass indicates that the graphene flakes powder consists of a
mixture of mono- and multi-layer graphene flakes.
N, N-dimethylformamide (DMF) with purity of 99.8% (Fisher Scientific Co., reagent
grade) was used as a solvent in our current study due to its high surface energy and
Hansen solubility parameter with GNFs. These lead to enhancing the stability of GNFs
by reducing the depth of the vdW well and increasing the energy barrier of aggregation
[105-107]. Table 2.1 shows the structure, physical and chemical properties of DMF. To
prepare graphene nanocomposite, two approaches were utilized; Direct Mixing with poly
Methyl methacrylate (PMMA), and In Situ polymerization using Methyl methacrylate
(MMA) monomer and a free radical photoinitiator. Poly Methyl methacrylate (PMMA),
historically known as acrylic glass polymer with a chemical formula (C5H8 O2)n. It is
produced from the polymerization of the MMA monomers by using conventional
methods such as free radical, anionic initiation by bulk, and solution techniques. The
produced polymer has outstanding properties include lightweight, transparent,
thermoplastic with a density between (1.17-1.2) g/cm3 and high dimensional stability as
well as mechanical properties. Also, PMMA has favorable processing conditions in
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which it can be dissolved in most of the organic solvents due to its structural properties
[108, 109].
Table 2-1: Structure, Physical and chemical properties of DMF. Adapted from Fisher scientific.

N, N-dimethylformamide (DMF)

Ref.

Molecular Structure

Physical form

Liquid

Grade

Certified ACS Reagent

Density

0.945 g/cm3

Chemical formula

(C3H7 NO)

Color

Colorless

Residue after

0.005% max

Evaporation
Surface tension

36.42 mN/m (25 c)

However, PMMA as an unmodified polymer is an insulator, with resistance as high as
1016 (Ω.cm) and behaves in a brittle manner as well [5]. Table 2.2 reveal the structure,
mechanical, and electrical properties of pure PMMA.
One of the current interests in polymer-based nanocomposite is a transparent conductive
thin film that can be used in advanced optical, sensor, and conductive devices. The
ultrahigh electrical conductivity of graphene as single layer makes it the most promising
Nano-filler with PMMA for such applications.
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In the current work, poly Methyl methacrylate (PMMA)with 120000 Molecular weight,
Methyl methacrylate (MMA) and 2-Hydroxy-2-Methylpropiophenone, 97% free radical
photoinitiator were obtained from Sigma Aldrich Science in the USA.
Table 2-2: Mechanical and Electrical preparties of unmodified PMMA.

Poly Methyl methacrylate (PMMA)

Molecular Structure of

Ref.

[110]

the monomer
(C5H8 O2) n
Density (g/cm3)

1.188-1.2

[110, 111]

1800-3100

[110, 111]

Tensile strength (MPa)

48-76

[111]

Resistivity (Ω.cm)

1014-1015

[110, 112]

Bulk Young modules
(MPa)

2.2 Instrumentations:
2.2.1 Langmuir-Blodgett Technique :
On the growing aspect of nanotechnology science, concerns start rising regarding the
fabrication and characterization of uniform thin systems of nanomaterial on a large scale.
These systems require organizing atoms and molecules in a two or three-dimensional
space, which would be the building block for many advanced applications such as sensors
and optoelectrical devices. In a layered shape (2D) material like GNFs thin film, such a
thin film can be obtained by numerous techniques like CVD, mechanical exfoliation, and
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the epitaxial method. However, they often lead to non-uniform films or film with a
wrinkled surface since the properties of such films are strongly affected by the film
morphology, which is hugely affected by the synthesize techniques. The syntheses
methodology becomes vital to producing graphene film. The Langmuir-Blodgett (LB)
technique is one of the few methods that are used to prepare and organized such
molecular systems, which enables precise control of the monolayer (thin film) thickness
and packing density. The LB technique was introduced firstly by Irving Langmuir and
utilized massively by Katharine Blodgett. They prepared a wealth of useful experiments
that are still working to produce such thin films [71, 113, 114]. Figure 2.1 depicts a
schematic for the Langmuir-Blodgett (LB) Trough. The methodology of LB depends on
the compressing and transferring process of a monomolecular layer of an amphiphilic
material in an aqueous solution form that is adsorbed at the air-subphase interface to a
solid substrate forming a film. Therefore, the produced structure by using this technique
provides a thin film system suitable for investigation [115].
The amphiphilic material consists of two parts: the hydrophilic part represented by the
volatile solvent that is used to dissolve the desired nanoparticles, which represent the
hydrophobic part. The subphase usually uses ultra-clean water due to the exceptional
value of surface tension γ0. At room temperature, water used as subphase has a very high
surface tension (73 mN/m) due to the hydrogen bonding between water molecules [114].
When the desired droplets of a solution are placed on the subphase surface, they spread
over the surface of the subphase, forming a layer of solution. After spreading, wait until
the solvent evaporates, and the material constitutes a non-continuous monolayer of the
spread material. In which, the distance between the spread molecules is considerable, and
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their interactions are minimal. For this, the surface tension of the interface is very close to
the ultra-clean water surface tension; as a result, the film pressure is almost zero. By
using a brier system of LB, the surface area will be reduced to the monolayer; the
molecules exert a repulsive effect on each other, leading to a change in the surface
tension. The presence of the immiscible solution on the surface will affect the surface
tension, and then we can measure the surface tension of the film, which will be γ.
The change in surface tension defines the surface pressure (film pressure) (π-a) equation
of state (EOS) in a two-dimensional system, which is equivalent to a pressure-volume
(EOS) for the bulk phase. The surface pressure is measured as in Equatio (1).
Equation (1)

𝜋𝜋 = 𝛾𝛾𝑜𝑜 − 𝛾𝛾

Moreover, the film compressibility can be calculated from the isotherm, as shown in
Equation (2).where (a) is the area per molecules.

𝜅𝜅 = −

1 𝑑𝑑𝑑𝑑
𝑑𝑑 𝑙𝑙𝑙𝑙 𝑎𝑎
≡−
𝑎𝑎 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

Equation (2)

To utilize LB successfully, the surface pressure and temperature of the monolayer should
be in a stable state, so the monolayer can be compressed by using a moving barrier. The
compressed isotherm changes the structure of the monomolecular film. Whereas, during
the compressive process, the film could pass through a series of 2-D states, refer to the
open structure, expanded /closed structure, and closed packed structure. Consequently, it
can be possible to control the 2-D film structure and its physical and chemical properties
[74, 114-117]. Figure 2.2 depicts surface pressure -area isotherm of a Langmuir film in
different stages. In this figure which is for C60 molecules, we can realize the following:
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the plateau with zero pressure means that the C60 molecules do not interact with each
other(open structur). At area per molecules equal to 400 cm2, we realize a solid phase has
formed, and the stiffness of this solid state can be calculated by using Eq (2). As we
increase the pressure on this film, we can observe another plateau indicating a transition.
Once this transition is completed, we can observe a film with a more closely packed
structure. That exhibit at area per molecules equals to 100 cm2; this a clear indication that
the structure of this film is a hexagonal closed packed (HCP) arrangement of the
spherical C60 molecules.
In the LB technique, two types of substrates can be used to deposit a film; hydrophobic
(water-repelling), and hydrophilic (water-attracting). To deposit a film onto a
hydrophobic substrate; the hydrophobic substrate takes place on the downward path.
Figure 2.3-a depicts deposition onto a hydrophobic substrate. On the other hand, to
deposit a film onto a hydrophilic surface, the desired substrate is immersed into the
subphase(water) and extracted by the controlled way in which the extract motion does not
defect the film structure (see figure 2.3-b). The deposition process can be repeated as
many as required layers. Also, it should be noted that during the deposition processes to
compensate the loss in pressure due to the loss of molecules transferred onto the solid
substrate during deposition, the surface pressure is kept constant by moving the barrier of
the trough [118].
In this methodology, if a vertical deposition has been used, then it is called LangmuirBlodgett (LB) deposition (figure 2.4 a), while horizontal deposition is referred to
Langmuir‐Schaefer (LS) method (figure 2.4 b) [114, 118, 119].
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Figure 2-1: Schematic for Langmuir-Blodgett (LB) Trough Device. Adapted from [111].
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Figure 2-2: Surface Pressure -Area Isotherm of a Langmuir Film In Different Phases. Adapted
From Amer et. Al.
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Figure 2-3: Deposition processes for (a) Hydrophobic substrate and, (b) Hydrophilic substrate.
Adapted from [111].
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Figure 2-4: Illustration of (a) Longmuir-Blodgett and (b) Langmuir-Schaefer Deposition. Adapted from
[112].

34

In the current study, Langmuir-Blodgett (LB) trough is the primary device to produce and
conduct the mechanical characterization. Then, a glass substrate, steel disk, and TEM
grid have been used to deposit the produced film.
2.2.2 Electrical Conductivity Measurement:
The electrical resistivity is inversely proportional to the carrier mobility, which is
changing according to change in the structure of the material. For graphene thin film, the
resistivity measured from the surface and through the thickness may vary due to
anisotropic of the produced film. The resistivity of the surface is the surface resistance to
current flow which is material inherent Properties multiplied by the surface dimension
ratio [120]. Three methods have been used to measure the electrical resistivity of the
material, which are two probes, four probes, and the Van-der-Pauw method. The van-derPauw methodology depends on the assumption that the material is isotropic and
homogeneous without isolated holes that make it unsuitable for thin-film electrical
resistive measurements [121]. The unreliability of measured electrical properties by using
two probes comes from the inaccuracy in determining the voltage, whereas the same
examinations that apply to determine voltage, used for providing current. For accurate
electrical resistivity measurement, four-probe points have been used extensively in the
thin film applications [122]. It consists of four probes arranged in a linear pattern within
the equal distance between the probes. The outer two probes are used to pass a constant
current.
In contrast, the inner two probes are used to measures the voltage (V) in which at a
constant temperature, the resistance (R) of the film is proportional to its length (L) and
inversely to its cross-sectional area (A) of the measured sample [123]. Figure 2.5 depicts
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a schematic of these 4-point measurements. In the current work, the four-probs point was
connected to a Keithley 2401 source meter to provide a source voltage ranging 1 μV-20V
and measure current ranging10 pA to 1.055A (figure 2.6). Then the sheet resistance (Rs)
was calculated as discussed in the next section. The measurement was performed in
longitudinal and transferred directions in which the results were the aveage of four
measurements.
2.2.3 Characterization of Graphene/ Graphene Nano-Composite:
Understanding and characterizing the fundamental nature of graphene and its components
are a necessary step to understand the properties, characteristics, and applications of the
final product. Many characterization methods have been used to investigate newly
improved graphene and its composites. Depending on preparation, and the desired
characteristic methods, we can choose appropriate characterization tools. In general,
there are two main types of characterization: Spectroscopic Methods and Microscopic
Methods. The spectroscopic methods such as Raman spectra is usesd to identify the
number of layers, assess the presence of functionalization groups, and to analyze the
crystalline phase as well as defects.
On the other hand, the microscopic methods such as Scanning Tunneling Microscopy
(STM), Atomic Force Microscopy (AFM) and Transmutation Electron Microscopy
(TEM) is used to characterize the domain of growth and surface morphology. Among
these tools, the AFM is used intensively to investigate the morphology and uniformity of
the layer as well as domain growth.
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Film on glass slide
Face down

Copper
Probes
1mm apart

Figure 2-5: Schematic Shows An Illustration of A Typical Four-Point Probe Arrangement.
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Figure 2-6: Electrical Conductivity Measurement By Using Keithley 2401 Source Meter.
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2.2.3.1 Raman Spectroscopy:
Raman spectroscopy is a spectroscopic technique used for monitoring the energy mode of
the chemical bonds in a compound. It is like a fingerprint identification that characterizes
each compound. In the graphene and its derivative, Raman is considered an integral part
of research which can use to identify the quality of nanocomposite. Also, it can identify
the structural, the number of layers, and the effect of percolation. The best
characterization tool in nanotechnology research field is the one that should be fast, nondestructive, high resolution and give structural and electronic information. The absence
of band gap in graphene makes all wavelength of incidents radiation resonant; this makes
advantage for Raman spectroscopy to give information for both atomic structure and
electronic properties. For this, Raman spectroscopy fulfills all aforementioned
requirements, and therefore it is one of the significant experimental techniques used in
graphene research [124]. Raman spectroscopy uses a monochromatic laser to interact
with the sample’s molecular vibration mods and phonons: this leads to shifting either to
Rayleigh scattering or Stokes-Raman scattering. Figure 2.7 shows Raman phenomenon
from the energy transfer viewpoint. In both cases scattering the electron excites into a
higher virtual energy level and then the excited electron decays back to either the same
level from which it starts, the Raman shift called Rayleigh scattering in this case , or the
excited electron decays back to different energy level from which it starts. In this case the
Raman shift is called Stokes-Raman scattering.
In the Stokes-Raman scattering, when the scattered electron decays back to the higher
energy level than the initial level, then the Raman scattering called Stokes. While antiStokes Raman-scattering occurs when the excited electron decays back to energy level
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lower than initial level [124-127]. The Stokes phonon energy shift creates three main
peaks in the Raman spectrum: G peak that represent an in-plane vibrational mode of
carbon atoms, D, and G`(2D) which are the second-order overtone of different in plan
vibration (associated with double resonance processes). These three peaks are the most
important mods that are giving precise information for a tested material. The D and 2D
peak positions are dispersive relying on the laser excitation energy. From these peaks, the
number of graphene layers (N), unwanted by-products, and structural damage can be
found [124]. Much of the structural characterizations and behavior of graphene and its
derivatives can be achieved by investigating the physiognomies of the Raman mode. The
number of layers can be calculated from the position of peaks and the ratio of 2D to G
intensities as well. For a pristine graphene layer, the Raman Spectra consist of two peaks;
the G band that occurs at 1580 cm-1. The second one is the second order dispersive
Raman which called G` or 2D band; it always appears at ~ 2700 cm-1 because of its
inelastic scattering from a second phone while the first order D peak is not visible due to
the crystal symmetric for the pristine graphene layer. As a result of the increasing number
of the staked graphene layer or introduces a defect, the spectrum will change to give a
wider, shorter, and higher frequency peaks, as well as the D band peak, will appear at~
1350 cm-1 for Elaser=2.414 eV. Thus, the D peak intensity is considered a good indicator
for the degree of defects, e.g., as the intensity of peak D increase, it is indicative of the
higher degree of defect and disorder in the graphene [124-126, 128-130].
Figure 2.8 reveal a typical Raman spectrum of graphene samples. In this figure, we can
realize the following; A peak at ~1350 cm-1 which corresponds to D shift, this peak
indicates defects such as functionalization group or edge in the tested sample. An upshift
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of the G mode from ~1580 cm-1 which is highly sensitive to the number of layers present
in the sample as well as strain effect [124, 129, 131]. G band peak experiences a change
in a position dependent on the number of layers as shown in figure 2.9. At ~2700 cm-1,
we can observe another Peak indicating the 2D band(G’) which is always an active band.
This band is mainly used to determine graphene layer thickness [130]. Unlike the G band
position method that is used to determine graphene thickness, the 2D band depends not
only on band positions but also on band shape as seen in figure 2.10 [131, 132].
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Figure 2-7: Ground And Excited Energy State Describing Raman Phenomenon From The Energy Transfer
Viewpoint. Adapted From [120].
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Figure 2-8: Raman Spectrum for a Single Layer of Graphene. Adapted from [125].
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Figure 2-9: The G Band Position As A Function of Layer Thickness. As The Number of Layers Increases
The Band Shifts To Lower Wavenumber, Collected With 532 Nm Excitation. Adapted From [124].
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Figure 2-10: The 2D Band Exhibits Distinct Band Shape Differences With The Number of Layers
Present. Adapted From [124].
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2.2.3.2 Scanning Tunneling Microscopy (STM):
Binning and Rohrer in 1981 introduced an extremely powerful microscopic technique
that provides the first observation of tunneling between a sharp probe and surface. The
methodology of the STM technique relies on the quantum mechanical phenomenon
called quantum tunneling in which a tunneling current occurs when electrons move
through a barrier; this, according to classical mechanics, cannot happen without enough
energy. However, since the electrons have a wavelike property in the quantum
mechanical world, these waves do not end abruptly at a barrier but taper off quickly if the
barrier thickness is thin enough (nm range). The probability function could include the
next region through the barrier, and due to the small probability of being an electron on
the other side of the barrier, then a small number of the electron will move through the
barrier and appear on the other side. Figure 2.11 shows a schematic diagram of the
scanning tunneling microscopy (STM).
Thus, when a sharp probe is brought very close to a conductive sample, a bias voltage
applied between the two electrodes to allow electrons to tunnel through the barrier, which
is very dependent upon the barrier thickness. Moreover, the use of a sharpened probe
allows an accurate scan and getting an atomic resolution of the STM image within the
angstrom level [133, 134].
STM can measure graphene film by two different modes: constant-height and constantcurrent mode figure 2.12. In constant-height, the probe height is fixed and measures
current, and thus the data transform to image representation “current image”, while in the
constant-current mode, the current is kept constant by adjusting the distance between the
probe and the surface through a feedback loop which is controlled by ampere and
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piezoelectric ceramics. The probe height is adjusted by the voltage applied on the
piezoceramics. The data recorded is used to construct the surface image “constant current
image” [133-135]. In the this study, STM images have been taken by using the Nano Surf
Easy Scan model with a range of 500-5 nm, max z-rang 200 nm and Gap voltage 0.05V,
the constant current mode has been used to characterize the films that deposited onto
metal discs. Figure 2.13 depicts the STM device that was used in the present study.
2.2.3.3 Atomic Force Microscope (AFM)
AFM is one of the essential microscopic devices that is used extensively to characterize
GNFs/ thin film. The AFM has been invented in 1985 by Quate and Gerber and
developed to overcome a primary drawback of STM, which is imaging a conducting or
semiconducting surface only. The importance of these devices come from its high threedimensional resolution, several modes to probe different physical properties, as well as
imaging for almost any type of surface such as polymer, composite, and glass. AFM has
been extensively used to study the surface morphology, thickness, uniformity of layer and
domain growth of graphene. Additionally, AFM is capable of measuring nanoscale
forces, and as a result, specify mechanical properties of produced graphene film.
The AFM methodology depends on the detection of the vertical cantilever movement that
results from the direct contact between an AFM tapered tip and the sample surface. This
contact is resulting in a force on the cantilever due to the interatomic van der Waals
forces, in which the two uncharged atoms exert a force on each other when nearby that
provide the interaction mechanism. As a result of this interaction, the sharp tip acts as a
probe examining line-by-line over a sample.
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Figure 2-11: Schematic Diagram of The Scanning Tunneling Microscopy (STM).
Adapted From [128].
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a

b

Figure 2-12: Schematic Diagram of (A) Constant Height And(B) Constant Current Mode
For STM. Adapted From [128].
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Figure 2-13: STM Device Model Nano Surf Easy Scan, E-Line.
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There are two main modes the AFM can be operated, which are; contact and non-contact
mode. In the contact mode, the deflection of the tip is used to measure the height of the
surface in which the tip is dragged across the surface and allow to scan line by line.while;
the non-contact mode depends on the resonant frequency in which the probe is driven
close to its resonant frequency and scanned across the surface [28, 31, 41, 136, 137].
Figure 2.14 depicts a schematic illustration of the AFM principle.
Three different modes can be used to characterize a GNFs/film by using the AFM device:
first, the conventional AC Mode, using this mode in combination with Tip-Enhanced
Raman Spectroscopy (TERS) helps to determine the exact number of stacked layers [41].
The second mode is Quantitative Imaging Mode; this model was developed by JPK
Instruments to control force in both lateral and vertical direction and consequently
measuring several properties of a loosely attached graphene sheet. The final mode is
conducting AFM (CAFM) in which the tip is kept close to the sample surface (< 0.5 nm),
whereas the overall force is repulsive. As a tip moves across the sample, it bends due to
the change in sample topography; the AFM measures the force required to bring the tip to
a constant position. Unlike Quantitative Imaging Mode, this mode is not suitable for a
loosely attached graphene sheet due to a strong interaction between the tip and the
sample. However, this mode is used to get the topography date and helps to measure the
conductivity as well [41, 134]. In the current work, (AFM) Nano Surf Easy Scan, E-Line
with conducting AFM (CAFM) mode has been used to manage and characterize the
GNFs film and its composite. Figure 2.15 shows the AFM device used in the current
work.
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Figure 2-14: Atomic Force Microscope (AFM) Principle. Adapted from [127].
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Figure 2-15: AFM Nano Surf Easy Scan, E-Line.
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2.2.3.4 High-Resolution Transmutation Electron Microscopy (HRTEM):
The discovery of the particle-wave duality of electron helps to build a microscope that
surpasses the regulation limit of the optical microscope [134]. High-resolution
transmutation electron Microscope (HRTEM) is considered one of the major analysis
tool, that is used in material science that helps to understand the morphology of the
material down to the atomic scale [138, 139]. It is operated as the same principle as the
optical microscope, except it get an advantage of the particle-wave duality of an electron
instead of light. Since the wavelength of the electron is much smaller than the wavelength
light, this makes the optimal resolution of HRTEM images is typically within a range of
angstroms. Thus its many orders of magnitude better than that of an optical microscope.
Therefore, the HRTEM is widely used to observe microstructure through imaging,
phase/crystallographic, quality, and lattice point. Unlike STM and AFM which do not
resolve the atomic lattice of nanoparticles due to the surface coating or wobbling of a
nanocrystal, it can reveal the atom distribution on nanocrystal surface even when they
impeded in the polymer: this makes the HRTEM an indispensable tool for nanomaterial
characterization. To utilize the HRTEM at desired resolution requires a correct sample
preparation in which the transmitted electrons can reach the detector through the sample
only (e.g., for a graphene sample, any support film would produce a sharper contrast in
the direct image than the material itself) [138]. In this study, the graphene film sample
was transferred to a standard TEM grid to obtain a free-standing monolayer.
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2.3 Experimental Procedure:
From the literature review, we anticipate the parametrics that could affect utilize and
producing a monolayer of the graphene film and its composite to be the concentration of
GNFs in the solution, sonication time, and solvent evaporation time after spreading the
solution on the LB trough. These factors are considered the essential elements that affect
the film formation process [38, 42, 66, 140]. On the other hand, other factors such as
subphase temperature, atmospheric pressure have been maintained constant due to their
minimal change during experimental work. We start with a high concentration of GNFs
in DMF, and then we optimize this concentration to the concertation that can produce
monolayer GNFs film.
To study the effect of the sonication time, at each concentration, three different
sonication times were investigated. Then, the produced solution is centrifuged to get rid
of the large ptricals.
2.3.1 Graphene Nano-Flakes Film (GNFs-Film) Experimental Procedure:
First, we dissolved the GNFs in dimethylformamide (DMF). The solution was sonicated
for different times, namely, 24, 36, and 48 hours. Fisher Scientific sonicator, model FS20
with Ultrasonic power equal to 60w, and an operating frequency of 40KHz were used for
this purpose. In the later experiments, we eliminated the 36H sonication time because the
result is much similar to 24H sonication time, as discussed in the result section. The
sonicated solution was then centrifuged for 30 minutes at 12000 RPM by using Beckman
Coulter, Allegra TM X22R, to get rid of unwanted large Nano-particles. Then, the exact
concentration of graphene in the extracted sonicated centrifuged solutions was
determined to be 0.017 g/l by gravimetric evaporation method based on ten
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measurements using a balance with 0.1mN sensitivity as described elsewhere [141]. Next
steps we dilute the solution until 0.0089 g/l as we are going to see in the result section
using this concentration, we manage to produce monolayer GNFs film.
GNFs films were produced using a Langmuir-Blodgett trough Nima Technology UK,
1222D (see Figure 2.16) in which a pure distilled water was used as a substrate. First, the
surface pressure versus area isotherm for the pure distilled water was run several times to
ensure that the water subphase surface was immaculate. Figure 2.17 depicts the surface
pressure versus area isotherm for distilled water, in which the zero-surface pressure
indicates an extremely clean water surface that used through the experimental works.
Then, 1000 μL of centrifuged GNFs in DMF solutions were spread on the subphase
surface and left to evaporate the solvent for different times, 30, 120, and 180 minutes,
with an open trough area of 500 cm2. Our Langmuir-Blodgett trough is enclosed in a
class 100 level clean enclosure. Surface pressure/area isotherms were obtained at a
barrier speed of 1 cm/min. All films in this study were deposited at a constant deposition
pressure of 10 mN/m within the solid phase on the graphene film, and vertical speed of
the substrate of 6 mm/min. The deposition process was achieved under constant surface
pressure by moving the substrate downwards to ensure high transfer rates. The film
deposition was done onto metal discs, glass substrates, and TEM grid as well. The metal
disc was used to operate the scanning tunneling microscope (STM) characterization; the
glass substrate was used to conduct the AFM characterization, optical testing as well as
electrical conductivity measurement, while TEM grids for further characterization using
High-resolution transmission electron microscopy (HRTEM) (FEI, Themis Z). The
optical test was done by using UV-visible test in collaboration with KAUST.
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To get an indication about the number of layers, we have used a theoretical approach that
uses unit cell numbers and the surface pressure-area isotherm to identify the average
number of layers. After the synthesizing process, the average number of GNFs-film
layers, compressive stress, and elastic modulus of the films were obtained from the
surface pressure-area isotherm.
In the same manner, we have reported the graphene-graphite transition through studying
the electrical properties of the produced film for different stacking layers. All these
results and discussion will be discussed in the results section.
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Figure 2-16: Langmuir-Blodgett Device (Nima Technology UK, 1222D2 ).
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Figure 2-17: Surface Pressure Versus Area Isotherm For Distilled Water.
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2.3.2 Graphene /Poly (methyl Methacrylate) Nanocomposite Experimental Procedure:
The rising demand for multi-functional materials such as flexibility, energy efficiency,
and stiffness, urgently require alternatives for existing conductive films nowadays.
Among all the known candidate materials like metal, clay, and other nanocomposites,
graphene nanocomposite is a highly promising material due to its extraordinary
properties. The recent use of nanoscale in the composite application takes advantage of a
large specific area of graphene nanofiller to enhance the interface between filler and
matrix, and achieve superior composite properties at low reinforcement load. However,
the ultimate enhancement of graphene/ polymer nanocomposite is critically dependent on
the two key points, which are the dispersion of graphene and interface between graphene
and polymer [136]. For this, many techniques have been used to manage graphene-based
polymer nanocomposites. Among these techniques, the solution mixing method is the
commonly used method for preparation and producing graphene-based polymer
nanocomposite due to its assistance to disperse the GNFs in the polymer matrix.
In this section, a film of graphene nano-flakes (GNFs)/ polymethyl methacrylate
(PMMA) was produced by using Direct Mixing and In-Situ polymerization techniques.
For both techniques, a different volume fraction of GNFs solution was used to prepare
the GNFs /PMMA solution in which the optimized values for producing pristine GNFs
film were used in this experimental work. PMMA was dissolved in DMF solvent and
then incorporated to the GNFs solution. The resultant solution was sonicated to make
sure the GNFs /PMMA solution is homogeneous. Then the Langmuir-Blodgett (LB)
technique was used to produce the GNFs /PMMA nanocomposite films. After, the
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spreading and compressive process that aforementioned in section 2.2, the produced films
were deposited onto a glass substrate for further characterization study.
2.3.2.1 GNFs/ PMMA Nanocomposite by Direct Mixing Approach:
In this approach, polymethyl methacrylate (PMMA) was used after being dissolved in
DMF and sonicated for 30 min with a concentration of 1 g/l. A GNFs solution with
0.0089 g/l concentration has been used in this study. Then four-volume fractions from
PMMA solution namely, 15,25,50,75Vf %have been mixed with GNFs solution to
prepare GNFs/PMMA nanocomposite film. A sonication path was used for an additional
30 min to homogenize the produced solution. Figure 2.18 shows a schematic for the
procedure of making GNFs/PMMA nanocomposite film. Two hundred microliters were
spread onto the air-water interphase of LB trough and wait to evaporate the solvent for 2
hours. With an open trough area of 500 cm2. Then the film comprised in the same
condition that used for producing a monolayer GNFs film in which the surface
pressure/area isotherms were obtained at a barrier speed of 1 cm/min, deposition pressure
of 10 mN/m within the solid phase on the GNFS/PMMA film, and vertical velocity of the
substrate of 6 mm/min. The deposition was achieved by starting the substrates above the
water surface and moving the substrate downwards to ensure high transfer rates. Glass
substrate has been used to deposit the produced PGNs film for analysis and
characterization study. It should be noted that each percent of PGNs have repeated at
least three times before deposit the PGNs film onto substrate.
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2.3.2.2 GNFs/ PMMA Nanocomposite by In-Situ Polymerization Approach:
In this approach, GNFs are added to the polymerizable solution and physically mixed or
sonicated. To produce GNFs/PMMA nanocomposite, we optimized the fraction of the
free-radical photoinitiator that added to the methyl methacrylate monomer (MMA) to be
1%. Next, the optimum amount of the free radical photoinitiator was added to the MMA
solution and sonicated for 30 min to homogenize the produced solution. Then fourvolume fractions from MMA and free radical photoinitiator solution, namely 15,25,50,75
Vf %have been mixed with 0.0089g/l concentration of GNFs solution. A sonication path
was used for an additional 30 min to homogenize the produced solution. It should be
noted that the solution preparation process has been done in a dark place, whereas there is
no UV source to avoid the free radical photoinitiator activation. Two hundred microliters
have spread onto the air-water interphase of LB trough. Then a 36w 2G11 UV light with
254nm UV length was applied to the spreading solution to cause polymerization of the
produced film. Figure 2.19 depicts a schematic for the preparation process. The
polymerization process was sustained for 2 hours until the solvent evaporates. Then the
non-uniform layer compress in which the surface pressure/area isotherms were obtained
at a barrier speed of 1 cm/min, a deposition pressure of 10 mN/m within the solid phase
on the GNFs/PMMA film, and vertical speed of the substrate was 6 mm/min. Then the
films were deposited onto glass substrate for analysis and characterization study
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Sonicate
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mixed for 30 min

Figure 2-18: Schematic For The Preparation Process Of GNFs/PMMA By Direct Mixing Approach.
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Figure 2-19: Schematic For The Preparation Process of GNFs/PMMA In Situ Polymerization Approach.
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3. CHAPTER 3: GRAPHENE FILM PROCESSING
3.1 Production of Monolayer of Graphene Film:
In a typical Langmuir-Blodgett (LB) isotherm experiment, the film area is plotted against
the film surface pressure. Such LB isotherm is, in a very simple terms, the 2D equivelant
of a load-deformation curve that is obtained in a typical axial mechanical testing
experiment. Also, knowing the exact amount of graphene added to the trough enables the
calculation of the number of graphene unit cells added. Hence, the film area can be
converted into area per unit cell, as shown in figure 3.1. By extrapolating the linear
portion of the isotherm to zero surface pressure, the actual area per unit cell in the
processed film can be determined [115, 142]. Comparing the actual area per unit cell in
the film to that of the graphene unit cell area (5.24 Å2) enables the determination of an
average number of graphene layers in the processed film. As shown in figure 3.2, the
average area per unit cell at zero applied surface pressure was determined from the linear
fit to the LB isotherm to be 0.3788 (Å2), indicating that the film has an average of
5.24/0.3788 ≈ 14 layers. Figure 3.3 shows a 20x20 nm STM scan of such multi-layered
graphene films obtained originally before optimizing the processing technique.
The test matrix that we followed in this investigation to optimize the processing
parameters is demonstrated in figure 3.4. To process and produce a monolayer of the
graphene film, firstly, we started with a high concentration of GNFs solution (0.17g/l)
and utilized the LB to manage the other factors in this study like evaporation
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time of solvent and determine the average number of layers at this concentration. During
the compressing process, GNFs tend to assemble in a 2D film with a layer packing
controlled by moving barriers along the surface. Figure 3.5 shows the average film
number of layers as a function of solvent evaporation time for 0.17g/l concentration.
From this figure, we can realize that the evaporation time of the solvent generally has an
insignificant effect on reducing the average number of graphene layers at this
concentration. In other words, at a high level of GNFs concentration, the produced
graphene film has predominant multi-layers of graphene with an average number of
layers ranging from 9-22 even though a long sonication time has been used. Based on this
result, the GNFs concentration was diluted to be (0.017 g/l), and we obtained the average
number of layers at different evaporation times, as seen in figure 3.6. The data shows that
when using a diluted solution, the solvent evaporation time affects the number of layers
significantly within the average number of layers ranging from 2-4 at various evaporation
time.
These results are confirmed by AFM, as seen in figure 3.7. In this figure, a 30X30 μm
AFM image shows the structure of a multi-layer graphene film. It is essential to note the
clear terrace structure observed; it can be attributed to the lack of sonication of the
starting graphene powder. Additionally, the reason for increase in the average number of
layers for 24 and 36 hour sonication time could be attributed to the tendency of GNFs to
reaggregate and agglomerate around the large undissolved particles because of the high
surface tension difference between the small flakes and large particles of undissolved
GNFs [143, 144]. However, the minimum average number of graphene layers was ~2
layers at 48H sonication with 3 hours for solvent evaporation.
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Figure 3-3:20x20 nm STM Image of Multilayers Graphene Film Showing A Terrace Like
Structure.
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Figure 3-7:30X30 μm, AFM Image Shows The Structure of A Multi-Layer Graphene
Flakes Film.
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Also, after 3 hours of evaporation, we can realize an increase in the film thickness; this
might be due to the reaggregation of GNFs as a result of depletion forces effect [145].
As we notes from figure 3.5 and figure 3.6 the sonication time of 36 and 24 hour for same
concentration have ended with the same result; therefore, the 36 hour sonication time was
eliminated for the later investigation.
To this end, we can realize that the concentration of GNFs solution has a significant
effect on the average number of graphene film layers. As we decreased the
graphene/DMF solution concentration to 0.0089 g/l, we started to obtain monolayer
graphene films, as seen in figure 3.8. The data shows that indeed monolayer graphene
films can be processed successfully using a concentration of 0.0089 g/l, sonicated for 48
hours, and then allow the film to evaporate between 2-2.5 hours depending on ambient
temperature fluctuations. After synthesis of a monolayer of graphene film, we have
investigated the mechanical and electrical properties. Also, we have reported the
graphene-graphite transition by studying the electrical properties of the produced films
with different layers.
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Figure 3-8:The Average Film Number of Layers As A Function of Film
Evaporation Time.
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3.2 Characterization and Properties of the Monolayer Graphene Film:
3.2.1

Structure Properties:

Figure 3.9 shows an LB isotherm for a real monolayer graphene film. It is important to
note that the actual area per unit cell of the film is determined to be 5.1 Å2 that is almost
the same as the theoretical value of the graphene unit cell at 5.24 Å2. The reason behind
this small deviation between the determined value and theoretical value of the graphene
unit cell is because the boundaries of GNFs are not always connected perfectly to each
other. Such boundaries interlocked between GNFs, which consequently lead to a
reduction in film area, while in the theoretical calculation, it was assumed full perfect
layer of graphene film. However, this small deviation about the theoretical calculation
can be considered additional evidence supporting the uniformity of the film with a
minimal boundary imperfection. The verification of film structure using STM
microscopy confirmed the monolayer nature of the film, as shown in figure 3.10 and
figure 3.11. The 31x31nm and 300X300 nm scan show clearly the graphene flakes
forming the monolayer film.
Moreover, a vertical cross-section of the film shows that the roughness of the film is
limited to ±75 pm that is in the range of a monolayer graphene film thickness. As seen in
figure 3.10 and figure 3.11, the graphene film shows a perfect platelet structure with a
well-closed packing arrangement. Besides, a high-resolution transmission electron
microscopy (HRTEM) image of a monolayer film deposited on a TEM grid further
confirms the structure of the produced film, as shown in figure 3.12. These results have
shown the long sonication time affects the GNFs size, which decreasing the GNFs size.
This result is in good accord with Ciesielski and Lotya et al. [91, 140] in which the long76

time sonication has introduced new edges. However, this reduction in GNFs size led to a
decrease in the empty spaces between flakes in the presence of LB barrier pressure and,
as a result, attainment of a well-arranged GNFs, and closed packed 2D film. The AFM
measurement in figure 3.13 shows the morphology of the monolayer graphene film. In
this figure, the 2x2 μu image verified the uniformity and structure of the produced film in
which we can realize there is no space as well as the consistency of produced film
thickness.
3.2.2

Mechanical Characterization:

The Langmuir-Blodgett isotherm can be converted into a film stress-strain curve by
dividing the surface pressure (N/m) by the film thickness of monolayer graphene, which
is 3.35 Å [141, 142]. Since the film width is constant in all experiments (same as trough
width that is equal to 0.2 m), the film deformation was transformed into linear film strain.
Figure 3.14 shows the compressive stress-strain curve for the monolayer graphene film
(Isotherm, shown in Figure 3.9). It is essential to note the nonlinear behavior of the
graphene film under compressive stresses and its high ability to compress (@47.5%)
while still intact. The film behavior fits exactly (R2=0.99991) a second-degree parabular
equation of the form;
𝜎𝜎 = 41.87ε − 44.8ε2

Equation (3)

Hence, the film elastic modulus (𝐸𝐸 = 𝑑𝑑𝜎𝜎/𝑑𝑑𝜀𝜀) exhibits a linear dependence on the
applied compressive strain of the form:

E = 41.87 − 89.6ϵ
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Equation (4)

As we can realize from figure 3.15, the monolayer graphene film processed in this study
exhibits an apparent nonlinear compressive stress-strain behavior with a linear stiffening
behavior as the film is compressed. Such behavior is similar to graphene behavior under
tensile stress reported by Lee et al. [9]; they reported a strain-softening under tensile
stresses and predicted stiffening under compressive stress. Thus, the experimental results
also support the numerical simulations of graphene sheets, suggesting that a nonlinear
elastic response is expected [10, 146]. It is important to emphasize that such nonlinear
behavior was observed neither in hexagonal close-packed C60 monolayer films [147] nor
in aligned single-walled carbon nanotube (A-SWCNT) films [142]. Comparing the
monolayer graphene film stiffness ~(40 to 90 MPa) to that of C60 and SWCNT films, the
graphene monolayer film is much stiffer since the stiffness of C60 films was reported to
be 32±1 MPa, and that of A-SWCNT was reported to be 10±0.5 MPa.
3.2.3

Optical Characterization:

The transmittance of monolayer graphene was recorded using a UV–IR absorption
measurements Cary® 50 Scans UV Visible Spectrophotometer in collaboration with KAUST

University. In this study, the wavelength of the incident light was scanned from 400-1000
nm. Since unfunctionalized GNFs have been used in this study and the produced film is a
monolayer film of GNFs with a thickness equal to the graphene layer thickness, the
resultant film is expected to be transparent. It is widely agreed that the absorption
intensity is proportional to the degree of exfoliation (number of layers) [104]. Figure 3.16
depicts the absorbance (%) within the range ±0.05% (y-axis has been selected in that
range to show the negligible experimental measurements noise) as a function of the light
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wavelength (nm) of our monolayer graphene films. The measured absorbance of the film
after subtracting that of a reference identical clean glass slide is found to be 0.05%, which
is practically zero absorbance. Hence, the produced films exhibit a constant value of full
transparency within the measured range (400 nm – 1100 nm). Our current results are
different from the results of Nair et al.[148] who measured the light transmittance of
CVD monolayer graphene deposited on a steel substrate with 50 μm holes and reported a
2.3% light absorbance for the monolayer graphene film in the wavelength range between
400 nm and 700 nm. The difference between our results and the results reported by Nair
et al. can be attributed and explained by the difference between their test and ours. In our
measurements, the film is made of graphene nano-flakes with many flake boundaries
deposited on an insulating glass slide. Nair’s measurements, however, were on pristine
graphene film suspended in air (over the 50 μm hole) while supported by a conducting
steel substrate. The graphene edge effect, the suppression of out-of-plane vibration modes
in substrate supported graphene, and substrate interaction and their impact on electrooptical and even mechanical properties of carbon nanostructures have been observed and
discussed widely before[127, 149].
Also, from this figure, we can realize there is no apparent absorption peak was detected
from graphene monolayer film, the demonstration that all the GNFs that formed the film
are monolayer flakes. Also, we can realize that at the long wavelength, the absorbance
has a constant value, this because of using pristine GNFs to form the monolayer graphene
film.
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Figure 3-10: 31x31 nm STM Image of Monolayer Graphene LB Film Deposited on Steel Disc.
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Figure 3-11: 300X300 nm Scan Using STM Showing The Structure Of Graphene Mono-Layer
Film. And Film Roughness Along A Longitudinal Cross-Section With Roughness Within ±75 pm.
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Figure 3-12: HRTEM Image o The Structure of The Monolayer Graphene Film.
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Figure 3-13: A 2X2 μm Scan Using AFM Showing The Morphology of Graphene
Monolayer Film.
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Figure 3-15: The Elastic Modulus of The Graphene Monolayer Film As A Function of The Film
Strain. Note The Clear Linear Strain Stiffening Behavior.
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Figure 3-16: The VIS-IR Spectra For The Monolayer Graphene Film.
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3.2.4

Electrical Properties:

Electric conductivity measurements were conducted using a semiconductor parametric
analyzer (Keithley 2401, Keithley Instruments Inc., Cleveland, OH) that can measure
current and voltage with a resolution of pA and µV, respectively. Copper probes (5 mm
wide and 0.05 mm thick) were employed. A 100 g contact weight was placed on the
samples to ensure good contact with the probes as we discussed in section (2.2.2). The
setup was verified using copper sheets, for which the measured conductivity was identical
to the literature value for copper at room temperature (5.96 × 105 S/cm). The electric
resistance of the graphene monolayer film was measured, and their electric conductivity
was determined according to the thin film protocol.
Resistance R = V/I (Ω)

Equation (5)

Sheet Resistance Rs = 4.532 R (Ω/sq.)

Equation (6)

Resistivity ρ = Rs·t (Ω·cm)

Equation (7)

Conductivity σ = 1/ρ (S/cm)

Equation (8)

Where t is the film thickness (number of layers in the sample times the theoretical
thickness of a graphene sheet, taken as 3.35 Å [1]. The electrical conductivity of
monolayer graphene was found to be (1.08*104 S/cm). While this value is about two
orders of magnitude lower than the highest intrinsic conductivity value (1.1*106 S/cm)
measured for Langmuir-Blodgett graphene films at liquid helium temperature [150] and
the theoretical limit of monolayer pristine sheets[151, 152], it is almost the same as the
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conductivity values measured at room temperature and reported for continuous
monolayer graphene films produced by CVD as well as reduction methods[72, 77, 78].
Also, the produced monolayer film has shown compartive conductivity to those well
known for commonly utelized transparent conductive ITO film (∼104 S/ cm) [54, 153].
The current results show that flake edge effects on the electrical conductivity [149] can
be minimized once film processing parameters are well optimized and films are deposited
at deposition pressures ensuring good substrate coverage.
Additionally, the conductivity of the produced film has been measured in both
longitudinal and transverse direction to check other if there is a tendency of GNFs to
rotate in a specific direction nor not. Figure 3.17 depicted the electrical measurement of
the film in both longitudinal and transverse directions. It can be seen from this figure; the
results have shown there is no significant change in conductivity; this means there is no
preferred orientation for GNFs when forming a graphene film. In addition to that the
results could be another evidence confirming the uniformity of the produced graphene
film in both directions.
3.3

Production and Properties of Multi-Graphene Layers:

Multi graphene layers have managed using LB, as we discussed earlier. The produced
graphene films were deposited on the substrate using a layer-by-layer technique. Then we
investigate films made of several layers ranging between 2 and 22 layers. For those films,
we have investigated the optical and electrical properties. As a part of this study
objective, we are studying the effect of stacking graphene layer and try to answer the
question when the graphene starts losing its properties and start behaving as graphite.
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Figure 3-17: Electrical Conductivity In Longitudinal And Transverse Direction of The
GNFs Film.
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3.3.1

Optical Properties:

In addition to monolayer graphene film, the absorption of multi-layer graphene film has
been measured by UV–IR absorption measurements (Cary® 50 Scans UV Visible
Spectrophotometer). Figure 3.18 shows the absorption spectra of these films in which we

can realize the spectra are featureless in the visible-IR. However, we also can recognize,
the increase in the number of layers results in more light absorption; this led to lower
transparency as the number of layers increases. This result is well accorded with Zheng et
al. [66, 79] .
3.3.2

Electrical Properties:

Samples with several layers ranging from 2 to 20 were prepared, and their electric
resistance was measured. The electrical conductivity for prepared films was determined,
as we discuss in section 3.2.4. Figure 3.19 depicts the measured film conductivity as a
function of the number of graphene layers. It is clear from the results that the
conductivity of the GNFs films decreases exponentially as the number of graphene layers
increases. More importantly, monolayer films show a conductivity slightly higher than
those known for transparent conductive ITO film (∼104 S/ cm). Then the conductive of
the films decreases exponentially as the number of staking graphene layers is increasing.
Also, we have found that the conductivity of the multilayer films reaches that of graphite
at as little as 18 -20 layers.
It should be noted that our current results are not well accord with Li et al. [72]. Their
resistance for 1, 2, and 3 layers of GNFs films prepared by the LB technique was 150, 20,
and 8 kΩ, respectively. Converted into conductivities using the above equations, this
corresponds to 44, 165, and 275 S/cm, respectively. These values are minimal compared
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to the well-known in-plane conductivity of graphite (2500 S/cm), indicating that graphite
is a much better electrical conductor than graphene!
Our results, however, are in excellent agreement with Nirmalraj et al. [149]. Using
atomic force microscopy, they reported an exponentially increasing sheet resistance for
thin graphene films and a plateau at the value of graphite with a film thickness of 8 nm.
The 8 nm thickness is equivalent to 25 graphene layers which is in good agreement with
the 18-20 layers determined by this study. Also, Their reported resistivity for monolayer
graphene was 3.3 × 105 S/cm, which is one order of magnitude higher than our current
value (1.08*104 S/cm ). This variation could be attributed to the film processing approach
and the measured area as well.
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3.4 Raman Spectroscopy of Produced Graphene films:
Raman spectroscopy, with its powerful ability to investigate vibrational mode and the
effect of perturbation, has been extensively used to characterize graphene [120]. In order
to characterize the prepared graphene films, Raman spectroscopic analysis was
performed by using Renishaw® inVia microscopes at ambient conditions with 514.5 nm
Ar+ excitation laser. Figure 3.20 depicts the Raman spectra of graphene monolayer
deposited onto glass a substrate using the LB technique, graphene powder in DMF
solvent, and graphene powder. The Raman spectrum of graphene powder provides
valuable information on the fundamental vibration modes, allowing the determination of
the quality of the graphene used to prepare our films.
As shown in figure 3.20, the graphene powder used in this study exhibit a first-order D
band at ~ 1352 cm-1 , a G band at ~1580 cm-1 , and 2D band at ~ 2700 cm-1 which is
consistent with the multilayers graphene Raman spectra available in the literature [154].
As we mentioned before, it is common for continuous defect-free graphene not to exhibit
a D band around 1350 cm-1. However, the Raman spectrum for graphene powder
typically shows such a disorder related Raman mode due to the presence of flake edges
since our graphene powder is made of flakes ranging in size between 20 nm and 30 nm as
was shown before [127, 155].
On the other hand, the Raman spectra of graphene powder in DMF solvent has shown a
first-order D band at 1353 cm-1 , a G band at ~1586 cm-1 , a combination of 2D graphene
and DMF band at ~2677 cm-1 and 2D at ~ 2711 cm-1. Such all red shifts in the graphene
fundamental modes is consistent with very low solubility of graphene in the DMF solvent
that was measured to be ~ 0.009 in our current work.
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The defects density has been shown to be related to the intensity ratio of D and G bands
(ID/IG), which was calculated to be 0.66 for graphene powder and 0.70 for our graphene
film. This increase in intensity ratio is indicating an increase in the defect density for the
produced films. This increases in defects density could be as a result of increasing the
sonication time, the interaction between successive graphene layers, and strain-induced
due to substrate roughness as well [127, 155, 156]. However, the defect density for the
produced film is about 6% more than the powder that use to synthesize our film, which is
very low if we take into consideration the change in interaction nature between graphene
and its substrate. Additionally, the present peak at 2420 cm-1, which is due to the
interaction with the glass substrate, is in good agreement with Ying et al. in which they
report the effect of the substrate on graphene Raman spectra [157]. The Raman spectrum
of our monolayer graphene film has shown a first-order D band at~1355cm-1, a G band at
~1587.5 cm-1 , and 2D band at ~2708 cm-1 as shown in Figure 3.20. It has been reported
that the G band position is susceptible to the number of layers, as defined empirically in
below equation [131].

𝜔𝜔𝐺𝐺 = 1581.6 +

11
1 + 𝑛𝑛1.6

Equation (9)

Where ɷG is the band position in wavenumbers and n is the number of layers in the
produced film. With ɷG at 1587.5, the “n” value for our films is one that has indicated a
true monolayer form of our films. It is also interesting to note the Raman band around
1100 cm-1, which does not appear in neither the graphene powder nor the graphene and
DMF solvent.
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This band is most probably related to thermal effects arising from lack of high thermal
transport in monolayer graphene compared to graphene powder or graphene and solvent
mixture.
3.5

Density Function Theory Calculations (DFT):

DFT calculations were conducted using the DMol3® module of the Materials-Studio®
simulation software. The simulation ensemble had periodic in-plane (ab-plane) boundary
conditions with 1 to 25 graphene layers along the c-axis. A 10 Å vacuum gap was added
at the top of the last layer. In addition, a graphite crystal was simulated. Figure 3.21 depicts
the graphene unit cell used in our simulations along with its 2D hexagonal Brillouin zone.
The band structure was calculated along the usual in-plane path Γ-M-K-Γ. We used the
generalized gradient approximation for the exchange-correlation potential in the PerdewBurke-Ernzerhof parametrization [158, 159]. The convergence criteria of the geometry
optimization were set to 10-5 Ha, 0.002 Ha/Å, and 0.005 Å for the energy, maximum force,
and maximum displacement, respectively. Geometry optimization was reached by a
number of iterations below 500 with a maximum displacement step size of 0.3Å.
Figure 3.22 shows the calculated band structure for a) monolayer graphene and b) graphite.
We note that our results match those established in the literature. The energy gap
(Eg)deduced from the band structure is 0 meV for graphene and 40 meV for graphite. These
values are identical to the literature values, which gives confidence in our calculations for
the ensembles with different numbers of graphene layers.
Figure 3.23 shows the calculated energy gap as a function of the number of graphene layers.
The results exhibit an exponential increase followed by a plateau (at 18-20 layers, again!)
at the value for graphite. Figure 3.24 depicts a double y-axis plot in which the measured
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conductivity and calculated energy gap are plotted versus the number of graphene layers.
The graph clearly shows that the conductivity and energy gap are strongly correlated. Also,
it confirms that graphene, indeed, becomes graphite at as little as 18-20 layers. This value
is almost identical to that reported by Michel and Verberck [38], who found in the phonon
dispersions of monolayer graphene, multilayer graphene, and graphite the same
exponential increase followed by a plateau at 16-20 layers. Partoens and Peeters [160],
using a tight-binding approach, reported a convergence at 20-25 layers. On the other hand,
experimental and theoretical studies showed that the lattice thermal conductivity converges
to the graphite value already at five layers [161, 162].
Upon plotting the measured electric conductivity as a function of the calculated energy gap
in figure 3.25, we find that the data precisely fits (R2=0.985) the expected dependence in
metallic materials;

𝜎𝜎 = 𝜎𝜎0 𝑒𝑒𝑒𝑒𝑒𝑒 �−

𝐸𝐸𝑔𝑔
�
2𝑘𝑘𝑘𝑘

Equation (10)

where k is Boltzmann’s constant and T the absolute temperature. Our data confirm the
transition from a zero-gap semiconductor to a semimetal at two or more graphene layers in
agreement with results based on the tight-binding approach [163].
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Figure 3-21: Simulated Graphene Unit Cell With The 2D Hexagonal Brillouin
Zone.
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Figure 3-22: DFT Calculated Band Structure Along High Symmetry Lines For; A) Monolayer
Graphene . B) Graphite.
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3.6 Graphene Poly (methyl methacrylate) Nano-Composite Films:
The majority of graphene literature investigated the mechanical properties of graphene
freestanding in which the graphene films prepared either by one of the top-down or
bottom-up approaches discussed earlier. The films were then deposited on a specific
substrate and tested mechanically. However, It is vital to study the performance of such
flakes in engineering applications such as graphene reinforced polymer nanocomposite.
Unlike conventional fiber-reinforced polymer matrix that suffers from many challenges
caused by the very dissimilar mechanical properties of their constituents in bulk form,
polymer nanocomposite, introduced in the last decade, showed many a promising novel
advantages. Nanocomposites have the advantages of high specific surface area, unique
physical and chemical properties, the ability to be tailored to various applications, higher
achievable strength with very low reinforcement loading, and higher overall compliance
[164]. The nano- reinforcement enables a significant enhancement in properties due to its
large interface with the polymeric matrix [165]. However, this interfacial area is only
beneficial when the contact between matrix and filler is optimized by modifying the
nano-flakes to be fully wetted by matrix. As is true for most nanocomposite systems, an
existing balance is found were wetting/chemical interaction is strong, dispersion is
acceptable lead to both mechanical and conductive properties are enhanced. In the
previous sections, we have illustrated the optimum conditions to produce graphene films
within monolayer average film thickness. At these conditions, pristine graphene flakes
offer significantly enhanced properties, such as mechanical and electrical conductivity, as
well as the highest aspect ratio, which are desired to fabricate nanocomposite film.
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In this section, we have managed to produce a nanocomposite film-based poly(methyl
methacrylate) using two different methods; Direct Mixing in which we mix graphene
and polymer solution, and then we prepare the nanocomposite film. In the second
method, graphene, methyl methacrylate monomer, and free radical photoinitiator were
mixed, then specific amounts of the mixture were spread onto LB subphase and In Situ
polymerized (using UV light ) to form nanocomposite film. This study aims to evaluate
the mechanical and electric properties of the nano-composite produced using these two
production approaches.
3.6.1 Properties of GNFs/PMMA Nano-Composite Produced by Direct Mixing :
3.6.1.1 Characterization and morphology:
The topography of the produced nanocomposite films and thickness were investigated
using AFM, whereas, a nanocomposite samples were prepared using the LangmuirBlodgett method by spreading the nanocomposite solution onto the water surface and
then deposited onto a clean glass substrate carefully by following the same processing
aforementioned in sections 2.3.2. Figure 3.26 shows the AFM images of the 0, 0.16, 0.47,
2.6 Vf % filler in the nanocomposite film. As seen in these figures, the resulting films
showed the periodic wrinkle effect that clearly appears on the film morphology for the
pure PMMA film. This phenomenon is a result of applying compressive strain on the
film. However, as we started incorporating GNFs nanofillers to the PMMA solutions and
prepared the film, this periodic phenomenon starts to vanished until we ended with the
uniform surface under the same compressive strain. The physical origin of the nanofiller
dependence in changing film topography could be attributed as a result of the
confinement effect. In which the presence of GNF's fillers work as reinforcing filler for
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the film to fold in the vertical direction under specified strain [166-168]. This change in
film topography has a significant effect on the conventional theoretical approach for the
thin-film modules of elasticity as we can going to discuss that in the next section. Also,
the figures have shown there are no signs of filler agglomeration for produced films even
with high Vf; that means good dispersion of the nanofiller in the matrix. Consequently, a
strong interface between nano-flakes and matrix can restrict the chain mobility and tend
to raise the glass transition temperature of the polymer(Tg) as well as other mechanical
properties [168]. The average film thickness can be estimated from the AFM roughness
measurements, as shown in figure 3.27. This figure shows a representative AFM
roughness measurement of wrinkling PMMA film with an average thickness ~6.65 nm.
In the same manner, the average film thickness was calculated for the other filler volume
fraction content. Table 3.1, shows the average film thickness for the nanocomposite films
produced by the Direct Mixing approach. As we can see from this table, the average
film's thickness is ranged from~ 6.65nm for pure PMMA film to 1.47nm for 2.6Vf % of
GNFs. It should note here for the wrinkled films, the real thickness will be less than that
value due to the presence of a wrinkling upon compression — this variation in film
thickness eliminate as we increase filler volume fraction, as shown in figure 3.26 (d).
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Table 3-1:The average film thickness for the nanocomposite film produced by the Direct
Mixing approach.

3.6.1.2

% fillers volume frauction

Averge film thickness (nm)

0

6.65

0.16

3.68

0.47

3.20

1.4

1.74

2.6

1.50

Mechanical Properties :

The single-layer graphene sheet is one of the most durable materials discovered so far.
With the super properties that has, many types of research have shown using the
graphene flaks as a filler has enhanced the mechanical properties of a polymer matrix
[164, 169]. In this section, the Modulus of Elasticity of the produced nanocomposite
films were obtained as a function of volume fraction of GNFs (Vf). The compressive
stress-strain curves were obtained using Langmuir-Blodgett isotherm after transforming
the pressure-area isotherm of the film to the compressive stress-strain relationship. In
which, the surface pressures of the solid-state region of the pressure-area isotherm were
transformed to stress by dividing on the produced film thickness at each Vf of the
filler.table 3.1. In which, the area in the pressure-area isotherm, which represents the xaxis was transformed to strain by following steps; firstly, the area was dividing by the
trough width, which is constant during all experiments process and considering the length
of the solid region as the original film length L0. Then the strain was calculated by
dividing the change in film length on the original length of the solid region.
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Figure 3-26: AFM Images For Films Fabricated By Direct Mixing; A) Pure PMMA Film. B) 0.16 Vf
% GNFs. C) 1.4 Vf % GNFs . D) 2.6 Vf % GNFs
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Figure 3-27: A Representative AFM Roughness of Pure PMMA Film Processed By Direct Mixing
Approach
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It should be noted here that each test was repeated at least three times for each volume
fraction, and the average modulus of elasticity was calculated to be the modulus value
that uses to comper with the others. Figure 3.28 depict (a) isotherm for the
nanocomposite film with 2.6 Vf % (b) transformed compressive stress-strain curve.
Figure 3.29 shown in the stress curve for the nanocomposite films as function of GNFs
volume fractions. this figure shows a significant enhancement in tensile strength as we
start to incorporate the graphene flakes, After transforming the films isotherm to the
compressive stress-strain curve, the film modulus of elasticity was calculated and plot as
a function of filler volume fraction, as shown in the figure 3.30. The elastic modulus for
the pure PMMA film was obtained to be ~424 MPa; this value exhibit significant
deviation than that in bulk ~3Gpa. This significant deviation in elastic modulus due to the
thickness confinement effect at the nanolevel scale [166, 170]. As the graphene nanofiller
incorporated, the modules increased to ∼737 MPa , 844 MPA, 1201 MPa, and ∼1296

MPa for 0.16,0.47,1.4 and 2.6 Vf % of GNFs reinforcement, respectively. At the same
time, it can be clearly observed that the modulus significantly increased to ∼1201 MPa
when GNFs content increased from 0.16 vf% to 2.6 Vf% with ~ 180% greater than the

pure PMMA. This increases in the modulus at a higher volume fraction of GNFs can be
attributed to the inherent properties of the graphene flakes, good dispersion in the solvent,
and adequate interfacial interaction between the filler and matrix as shown in the AFM
image (see, Figure. 3.26). While at higher volume fraction of filler (2.6 Vf % GNFs), we
can realize there is no significant change than the previous filler volume fraction, this
could be as a result of lack in dispersion, leading to insignificant increases in elastic
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modulus. It is worth to note here, the inclusion of GNFs in the PMMA improved all of
the mechanical characteristics. However, as increasing the GNFs loaded in the
nanocomposite, the produced nanocomposite film start to faile in a brittle manner, this
due to the mechanical restriction of GNFs on the polymer chain to move freely under
applying load consequently decreasing the plastic deformation which is undesirable for
such films. Therefore, its worth to get a good enhancement with keeping reasonable
plastic deformation as we can realize in nanocomposite film with 0.16Vf%.
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Figure 3-28: (A) Surface Pressure-Area Isotherm For The Nanocomposite Film 2.6 Vf % (B)
Transformed Compressive Stress-Strain Curve.
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Figure 3-30:Film Modulus of Elasticity As A Function of Filler Volume Fraction.
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3.6.1.3

Electrical Properties:

Superior electrical conductivity is the distinguished characterization that differentiates
graphene as a nanofiller then the other fillers. To prepare a counductive polymers,
graphene has been used with various polymers, including; PMMA, PVA, PVC, PE,
etc.[13, 164, 171, 172]. Such composite materials have shown nonlinear increases in
electrical conductivity as changing volume fraction of nanofiller. This nonlinearity due to
the electrical conductivity of filler and percolation threshold in which the filler could
form effective conducting paths that make whole composite conductive [94, 173]. In this
section, the electrical conductivity of the PMMA and GNFs/PMMA nanocomposites as a
function of filler volume fraction content were investigated. Figure 3.31 depict the
electrical conductivity of PMMA film as a function of GMF's volume fraction at room
temperature.As we can see from this figure, the pure PMMA film exhibit roomtemperature electrical conductivity of 4.2*10-8 S/cm. However, the resulting composite
film has increased electrical conductivity up to ~3*10-4 and 4*10-4 S/cm, respectively,
when the GNFs loading attains about 1.4 and 2.6 Vf%. Also, we can realize that further
increases in GNFs loading have led to a linear increase in electrical conductivity.
To this end, the processed nanocomposite films in this study showed that a stable
suspension of graphene dispersion in an organic solvent before blending with PMMA
allowed us to fabricate the nanocomposite films with enhanced electrical properties.
Beside,the electrical conductivity of PGNs films utilized in this study were in good
agreement with other study values reported for low graphene loadings [174, 175]. It is
worth to note here that the Graphene filler, which synthesizes and used in this study
exhibit room-temperature electrical conductivity of ~1*104 S/cm.
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Figure 3-31:The Electrical Conductivity of PMMA Film As A Function of GNF's
Volume Fraction.
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3.6.2

Properties of GNFs/PMMA Nano-Composite by In-Situ Polymerization:

In-Situ polymerization has been used widely to utilize composite with a well-dispersed
filler structure since the macromolecular of monomer can easily be incorporated between
the nanofiller [168, 176]. In this section, a solution of MMA monomers have mixed with
a various volume fraction of GNFs, then In Situ polymerized in the presence of the
dispersed nano-flakes by using the procedure aforementioned in section 2.3.2.2. It is
worth to mention here that the polymerization process of mixed nanocomposite solution
has done onto Langmuir-Blodgett subsurface, and then deposition process start.
3.6.2.1 Characterization:
Figure 3.32 shows the AFM images for GPNs fabricated by In-Situ polymerization
process for different graphene volume fractions. As we can see in figure 3.32 a, the
wrinkled periodic effect appears clearly on the pure PMMA polymerized film. However,
as GNFs added to form nanocomposite film, we start losing the periodicity, and wrinkled
shape for 0.16 and 0.47 Vf %, respectively figure3.32 (b,c), and the produced film starts
to be more smooth and less periodic wrinkle with no sign of aggregation for the GNFs.
That can be as a result of low viscosity of the MMA monomer has enhanced the
dispersion of GNFs, consequently, well dispersion of nano-flakes in the matrix [94].
On the other hand, increased incorporation of graphene flakes with volume fraction up to
2.6 Vf % result a clustering of graphene flakes, as shown in figure 3.32 d. The clustering
could be a result of the increased surface area of graphene nano-flakes ; this will increase
the attraction between flakes, especially with the low viscosity of monomers solution, or
it could be due to the filler/filler interaction mediated by adding initiator [177]. It should
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note here the clustering phenomena did not appear when using the Direct Mixing
approach to fabricate PGNs film at the same volume fraction of the filler.
Filme thickness has been obtained by using the roughness measurement of the AFM
samples. Figure 3.33 illustrates the representative roughness measurement of Pure
PMMA fabricated by In Situ polymerization. Table 3.2 summarized the measured film's
thickness in which the film thickness fro pure PMMA shows the highest value between
the other films as a result of the wrinkled effect. However, adding GNFs to the matrix has
a significant effect on the thickness, in which the film reaches ~2.5 nm after adding 1.4Vf
% of GNFs. However, adding 2.6 Vf % filler results in an apparent variation in the film
thickness within the same sample. In which measuring average film thickness becomes
hard due to change in film morphology as a result of the clustering GNFs.
Table 3-2: Measured Films Thickness for Films Processed By In Situ Polymerization.
% fillers volume frauction

Averge film thickness (nm)

0

14.5

0.16

4.75

0.47

3.20

1.4

2.47

2.6

-
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Figure 3-32: AFM Images for Films Fabricated By In-Situ Polymerization; A) Pure PMMA Film.
B) 0.16 Vf % GNFs. C) 1.4 Vf % GNFs. D) 2.6 Vf % GNFs.
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Figure 3-33: Surface Roughness Measurement of Pure PMMA Fabricated By In Situ
Polymerization.
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3.6.2.2 Mechanical Properties:
Figure 3.34 shows the compressive stress-strain curves obtained from the pressure-area
isotherm for the In Situ polymerized films. The pure polymerized MMA films exhibit
lower tensile strength value ~352 MPa. Adding GNFs have led to increase film strength
at the specific strain combined with the decrease in the ultimate strain for the volume
fraction 0.16 and 0.47 Vf % flowed by increasing in the ultimate strain for the volume
fraction 1.4, 2.6 Vf %. This change in film strength behavior could be a result of the
formation of a copolymer like structure in which during the polymerization process,
graphene edges react with the monomer and grafting of polymer macromolecular chains
onto these edges. As a result, the graphene flake behave like a crosslinked polymer that
restricts the motion of the polymer chain and reduces the elongation at failure. As we
increase the graphene volume fraction, it can be observed the increase in the film strength
by ~ 3.5 and 3.8 following the incorporation of 1.4 and 2.6 Vf % GNFs; this could be as a
result of forming clustering [178].
Figure 3.35 depicts the elastic modulus of produced films as a function of graphene
volume fractions. The produced film by this approach exhibits an exponential increase
followed by a plateau at high loaded of GNFs. That means a more massive amount of
GNFs exhibit relatively weak mechanical properties for the film. The reason for the
reduction in modules enhancement observed in the AFM image figure3.32 in which the
high loading of nanofiller used in this approach has led to re-aggregate the nanofiller
forming cluster.
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Figure 3-34: Compressive Stress-Strain Curves Obtained From The PressureArea Isotherm for In Situ Polymerized Films.
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Graphene Volume Fraction.
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The cluster leads to un homogenate filler desperation inside the matrix, which responsible
for lowering the film modulus. Besides, the Agglomeration phenomenon leads to a
reduction in properties because a crack is originated during transferring load from the
host polymer to the sheet of graphene, and samples were broken down at less %
elongation value[179].
3.6.2.3 Electrical Properties:
Figure 3.36 preset the electrical conductivity of the utilized films as a function of the
volume fraction of filler. While getting an enhancement in electrical conductivity for
composite film with 0.16 and 0.47 Vf % comparing with film electrical conductivity of
pure PMMA that processed by In Situ polymerization, the higher volume fraction content
of GNFs 2.6 Vf% has shown insignificant change in electrical conductivity. Our
interpretation for this result is that, for the initial GNFs load, we get low conductivity as a
result of a smaller number of additives and low tunneling due to the lack of forming
conductive path [97]. As volume fraction of the GNFs is increased, a complete
conductive path is formed by the contacting flakes, which enhances the number of
conducting networks. However, further increase in the volume fraction of GNFs have
lead to large clusters gradually begin to form due to high van der Waals interaction
between neighboring flakes [168]; with a slight increase in conductivity [173, 180].
Moreover, once clustering starts forming, other phenomena start controlling the
conductivity, such as edge-to-edge of varying thickness flakes intraction, which
significantly affect electrical conductivity forming plateau region [77].
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Figure 3-36: Electrical Conductivity of The Utilized Films As a Function of
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3.7 Direct Mixing and In-Situ Polymerization Nanocomposite Comparison
Study:
3.7.1 Mechanical Properties;
This research aims to understand the structure-property relationship in graphene-based
polymer nanocomposite and the effect of processing methods on such type of composites.
As stated in previous sections, the remarkable intrinsic properties of graphene, such as
mechanical and electrical properties as well as the unique features of such 2D material
including the high aspect ratio and specific surface area, have made graphene best
reinforcement candidate in nanocomposite field. However, limited researches have been
done to understand the effect of processing methods on the graphene nanocomposites and
the nature of graphene polymer interaction with different processing methods [181].
Figure 3.37 depicts an overlay plot for modules of elasticity of nanocomposite films that
processed in the Direct Mixing and In-Situ polymerization approach. The average
stiffness values of the produced films by Direct Mixing exhibit apparent enhancement as
compared to that of In-Situ polymerization. It has been clearly shown that in the case of
the In Situ polymerization process, the graphene flakes covalently crosslink to the matrix,
and the produced polymer no more fallow the composite role [94, 181]. Additionally, in
current work, we show the effect of free radicals on the surface of graphene flakes, as we
are going to discuss that in the next chapter.
Also, the Direct Mixing approach exhibits an exponential increase combined with
decreasing in the increasing rate of the film stiffness as we increase graphene volume
fraction. This exponential increases in stiffness in the first stage due to the homogeneous
distribution of fillers and improved load transfer capability between graphene and
127

PMMA matrix at low load fraction. As we increased graphene volume fraction
agglomerations and aggregations of graphene flakes in the polymer matrix phenomenon
start forming, which can work as stress concentration locations and negatively effect on
the mechanical properties of the produced composite films.
On the other hand, the nanocomposite films that were prepared by In Situ polymerization
approach exhibit an exponential increase followed by a plateau as filler volume fraction
increases. We believe that the low enhancements followed by plateau in this type of
nanocomposite is because as we increase the filler fraction, the free radical effect on the
morphology of graphene flakes increased, and the increases in the agglomeration
phenomenon as a result of the free radical interaction that attached to the surface and
edges of graphene flakes with the other graphene flakes on the other side.
3.7.2 Electrical Properties .
The electrical conductivity of the PMMA nanocomposite was developed as we added
graphene flakes in both approaches with resistivity lower than 105 Ω/square
corresponding to the antistatic range. Figure 3.38 shows the electrical conductivity of
PMMA nanocomposite films that processed by Direct Mixing and In Situ polymerization
process. The intrinsically high conductivity and aspect ratio of graphene flakes make the
percolation threshold achieved at low loading fractions. In which at ~0.15 %Vf, the
electrical conductivity for nanocomposite films was measured within the range from
1*10-5 -6*10-5 S/cm compared with 4.2*10-8 S/cm for pure PMMA films.
While the enhancement in the electrical conductivity exhibit an exponential growth
relationship for the Direct Mixing approach, the In Situ polymerization approach exhibit
a nonlinear increasing relationship followed by a plateau. This change in electrical
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conductivity behavior is due to the change in electronic structure of filler and percolation
threshold in which the filler could form effective conducting paths that make whole
composite conductive [94].
As stated previously, the graphene electronic structure and morphology are very sensitive
to the free radical. As we increase graphene volume fraction, this suggests increases in
the agglomeration phenomenon due to the presence of free radical onto graphene surfaces
and forming multi-layered stacked graphene.
The stacking sequences of multi-layers graphene will be randomly packing, which is
different from that in the stable stacking arrangements for turbostratic graphitic structure.
In which the stacking sequence of the turbostratic graphitic structure layers is generally
ABAB with an interlayer spacing approximately 0·334 nm. This irregular stacking
sequence adds an additional restriction on the charge transformation between layers
and basal plane as well, and consequently lead to decreases in the electrical conductivity.
To this end, the nanocomposite films prepared by Direct Mixing approach has shown
better electro-mechanical properties than that of the In Situ polymerization process. This
variation in the nanocomposite film properties was found directly connected to the
presence of free radical during processing the nanocomposite films. For thus, we
investigate the effect of presence such free radical on the electronic and structural
properties of graphene nanofiller in next section.
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4. CHAPTER 4: GRAPHENE FILMS PHYSICAL VERSUS
CHEMICAL BONDING
In this part, a comparative study for both mechanical and electrical properties of
monolayer graphene film prepared in two different methods was done. In which, a
physically utilized graphene monolayer film that prepared by LB as designed in the
section (3.2) and a chemically modified graphene film have been used in this study. For
the chemically modified film, we have added a free radical photoinitiator to chemically
bond a graphene nano-flakes in order to produce a quasi-2D large-scale continuous film.
The preparation strategy of the modified graphene film includes; adding a 1%
photoinitiator that used in the in Situ polymerization approach to the graphene solution
and sonicates the mixture for 15 min to get a homogenous solution. Next, under the same
conditions used to synthesize graphene monolayer film, the modified graphene solution
was spread onto subphase of the Langmuir-Blodgett, and then the free radical was
activated to start the chemical bonding process.
The activated photoinitiator has a free radical species that contain unpaired electron
[182]. These unpaired electrons expected to react with the array of the conjugate double
bond in the graphene flakes and free electron on the edges of graphene flakes as well
[177, 183]. This reaction will directly affect produced graphene film properties.
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4.1 Isotherms Analysis:
The surface pressure-area isotherms were analyzed to calculate the averge film thickness
for both chemically and physically linked GNFs. Figure 4.1 (a) depict the analyzed
isotherms for Phisically bonded GNFs. It can be easily observed that the isotherm shows
very slow increases in surface pressure in expand liquade state until reaching area per
unit cell ~5.1 (packed GNFs film) statrs increasing significantly till reaching the
maximum surface pressure ~ 14 mN/m. Moreover, the analyzed isotherm suggest that the
produced filme by physical method within monolayer film thickness.
On the other hand, figure 4.1 (b) shows the pressure-area isotherm for chimically bonded
graphene film that utlizeed by LB under the same condtions used in physicaly bonded
film. we can realize there is a gradully increases in surface pressure as LB trough move.
Beside, as a surface pressure increases a change in the slope wa observed at ~1 mN/ m.
This change in slope is corresponding to the phase transitions of the GNFs monolayer
from the expanded to a condensed liquid state. Also, at area per unit cell ~ 4.1(packed
GNFs film) the surface pressure increses signficanlyy until reach the a maxium surface
preasure ~7mN/m. This change in the maximum suface presuure and isotherm behavior
in general suggests a possible conformation change of building block of the produced
film. this change was firstly confirmed by analyzing the surface pressure-area isotherms
and secondly,measure the electromechancal Properties of the produced films in the next
section. The analyzed isotherm has shawd that by using this approach the produce films
has a thickness withn 1.25 layer , this means the film consist mostly of single layer with
present multi layers of GNFs.
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Figure 4-1: Surface Pressure-Area Isotherm for (A) Phisically (B) Chimically Bonded Method.
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4.2 Electro-Mechanical Properties:
The pressure- area isotherm for both approaches was transformed into a stress-strain
relationship by using the same procedure aforementioned earlier. Then the elastic
modulus was obtained by taking the slope of the solid straight region for the stress-strain
curve. Figure 4.2 shows the elastic modulus for both graphene film and modified
graphene film.
Interestingly noticed by adding 1% photoinitiator to the GNFs solution has shown
significant increases by factors of 1.59 in the elastic modulus of produced film. This
increase shows that the photoinitiator efficiently reacts with GNFs and could form a large
scale of graphene flakes. However, adding the photoinitiator has lowered the electrical
conductivity in which the produced film has lost 40% of its electrical conductivity, as
clearly seen in figure 4.3. Our interpretation of this phenomenon is that the the free
radicals effects on the structure of the graphene, and consequently, change its electronic
structure. In which, the highly reactive free radical of the photoinitiator use one of the π
electron pairs on graphene flakes and forms a covalent bond leaving the other electron on
the graphene sheet. This process involves changing the hybridization of the carbon atom
to be Sp3 with respect to the original Sp2 carbon hybridization for graphene flakes. The
Sp3 carbons that coexist due to free radicals reaction are classified as defects funded on
the basal edges or inside defects. This change in the electronic structure of graphene leads
to change in electrical conductivity, and consequently, the resistance of graphene
increased over four orders of magnitude and a bandgap was created [183-185].
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4-3 Raman Analysis for chemically bonded graphene:
Recently, the photochemical reduction technique has been introduced as one of the most
straightforward and environmentally friendly techniques to produce graphene film
composites [186]. However, the performance of the produced film is still ambiguous. In
this section, Raman analysis has been done to study the free radical photoinitiator effect
on the graphene film structure. For this, we have incorporated 2-Hydroxy-2methylpropiophenone as a free radical photoinitiator into the graphene solution. Figure
4.4 reveals a comparison between the Raman spectra of physically and chemically
bonded graphene films and the photoinitiator as well. The Raman spectrum of the
physically bonded graphene film has shown a first-order D band at~1355 cm-1, which
related to the film defects, a G band at ~1587.5 cm-1, which is commonly attributed to the
first-order scattering of E2g phonon of Sp2 carbon atoms [124]. And an overtone 2D
band at ~2708 cm-1. The analysis of the physically bonded film has been discussed earlier
in section 3.4. However, the chemically bonded film reviled many distinct peaks in which
it shows a peak at 1176 cm-1, 1287 cm-1, and D band at~ 1459 cm-1. Besides, it has shown
an increase in G band intensity that occurs at ~1608 cm-1. D′ at ~ 1711 cm-1. Also, the
Raman spectrum reveals a peak at 2411 and 2576 cm-1, as well as a 2D peak at 2745 cm1

. Finally, a high-intensity peak at 2945 cm-1 , as shown in Figure 4.4. It is vital to know

the nature of the chemical bonding of graphene film and the free radical photoinitiator to
get better understand the composite behavior. The 2-Hydroxy-2-methylpropiophenone
photoinitiator is one of the widely used photoinitiators that can break into several
intermediate radical under UV irradiation. Once the photoinitiator has activated in the
presence of graphene flakes, it can frequently overcome the inert chemical nature of

138

pristine graphene flakes. Furthermore, since the graphene sheet has an electron-rich basal
plan as well as edges free electrons, these electrons can transform from the graphene sits
to the free radical causing change in the electronic structure of graphene and hence is
expected to impact on the characteristics of its Raman spectrum. Besides, the highly
reactive radicals of the photoinitiator form covalent bonds with the basal plane of
graphene, and within open-shell configuration of graphene flakes can readily react with
C=C atoms and readily prompt a transformation of a carbon atom from sp2 to sp3
hybridization [177, 183].
The Raman spectrum has shown the first peak at 1176 which declared the C-O-Casymmetric
group. The apparent peak at 1287 cm-1 is indicating the D band of the graphene layer
splits into two peaks at 1287 and 1459 cm-1. The 2411 cm-1 and 2576 cm-1 band are most
probably the 2nd order vibrational mod of the initiator, as revealed in the Raman spectrum
of the photoinitiator. Moreover, the Raman Spectrum presented a bright beak at 2945 cm1

, which is a combination of the D+G band combined with vibrational mode of symmetric

CH3 in the free radical.
To this end, the Raman Spectra analyses clearly showed that using free radicals in the
processing of graphene-based composites has a significant effect on the structure and
electronic properties of graphene flakes. This analysis explains the electromechanical
results of such films. Finally, the microscopic image for graphene with the free radical
photoinitiator film has shown a rod-like structure that can interpret why getting
enhancement in mechanical properties while electrical properties of the film have
dropped down. Figure 4-5 depicts the microscopic image for graphene with the free
radical film.
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Figure 4-5: The Microscopic Image for The Graphene Plus Free Radical Film.
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5. CHAPTER 5: CONCLUSIONS:
Based on our investigation results and discussions the following conclusions can be
drawn:

5.1 Preperation of Truly Monolayer:
Preparation of true monolayer large scale graphene films based on commercially
available graphene powder is achievable using the Langummer Blodgett technique, only
under certain conditions. The most important processing parameters to address are the
powder sonication time, concentration of nano-flakes, and the solvent evaporation time. It
must be realized that those parameters will depend on the nature of the solvent used in the
process.

5.2 Mechanical Properties of the Monolayer Film.
The mechanical properties of the produced film are similar to a rubbery substrate. The
film shows a nonlinear elastic behavior in which the elastic modulus increases with
increasing compression stress, which is in agreement with the theoretical analysis done
by other research groups.

5.3 monolayer opti-electrical properties;
The produced monolayer graphene film showed total transparency in the range between
400-1100 nm and electrical conductivity slightly higher than that in ITO. Also, the
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electrical conductivity of produced film was isotropic in both longitudinal (in the
deposition direction) and transverse ( perpendicular on the deposition direction),
indicating the absence of the preferred orientations as far as the graphene flakes are
considered. The electrical conductivity, however, dropped down exponentially as the
number of graphene layers was increased in the film, reaching the electrical conductivity
of graphite at as little as 18 layers.
Also, the electrical conductivity of the monolayer graphene film showed a unique
dependence on the applied pressure in which an optimum surface pressure 10mN/m result
in the highest film conductivity. Pressure higher or lower than 10mN/m results in a film
with lower electrical conductivity. The dependency of the electrical conductivity on
surface pressure resample a bell shape curve.
Density function theory calculation showed that the observed drop in electrical
conductivity is solely due to an increase in the energy gap eliminating the notation that
the drop in the electrical conductivity is due to thermal scattering within the film.

5.4 Polymethyl Methacrylate/ Graphene Composite Films:
Polymethyl methacrylate/graphene nanocomposite films were successfully produced by
Langmuir-Blodgett technique. Composite film production was processed using two
different methods, namely Direct Mixing of graphene and polymethyl methacrylate
versus In Situ Polymerization were graphene methyl methacrylate monomer and
photoinitiator was mixed.
The film thickness could be done in the range of 1.72-14 nm. The produced films were
totally transparent to the visible light and electrically conductive as well. In which, the
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electrical conductivity of the Direct Mixing films exponentially increased with increasing
graphene content in the composite mixture. However, for In Situ Polymerized film, a
plateau in the electrical conductivity was reached at graphene content 1.45; the reason for
that was fully discussed in the discussion section of this dissertation.

5.5 Mechanical properties of Nano-Composite Films:
The mechanical properties of the graphene/PMMA composite films investigated in this
study differ sharply based on the composite processing method (i.e., Direct Mixing
versus In Situ polymerization). The Direct Mixing shows higher film stiffness as well as
good electrical conductivity, as aforementioned. This means that the Direct Mixing
method is better for higher stiffness, as well as for electrical conductivity performance for
such films.

5.6 Photochemical synthesized monolayer graphene;
Photochemical synthesized monolayer graphene films investigated in this study show that
the In Situ polymerization method yields stiffer but less electrically conductive
monolayer graphene films with a remarkable change in the structure, as shown in the
results and discussion of Photochemical synthesized sections.
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6. CHAPTER 6: RECOMMENDATIONS FOR FUTURE WORKS:
For future investigation based of finding of current investigation. We recommend the
following;

•

An essential study of the optimum processing parameter for different solvent
would be crucial for the future of graphene and graphene-based composite
production.

•

A study in which layered films based on different fullerene combination fro
example; graphene-C60, graphene-SWNT. graphene-SWNT-graphene..etc. would
be a unique uncharted field to investigate.

•

An investigation aimed at optimizing stiffness versus electrical conductivity
performance of graphene film with Direct Mixing / Photochemical reduction
method would also benefit our field.

•

Simulation models need to develop accurately understand the formation and
properties of such nanocomposite with nanolevel thickness.
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